An Investigation of the Mechanism of Alkaline-Phosphatase Catalyzed Hydrolysis of Thiamine-Monophosphate. by Echols, Richard Evans
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1973
An Investigation of the Mechanism of Alkaline-
Phosphatase Catalyzed Hydrolysis of Thiamine-
Monophosphate.
Richard Evans Echols
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Echols, Richard Evans, "An Investigation of the Mechanism of Alkaline-Phosphatase Catalyzed Hydrolysis of Thiamine-
Monophosphate." (1973). LSU Historical Dissertations and Theses. 2389.
https://digitalcommons.lsu.edu/gradschool_disstheses/2389
INFO RM ATIO N TO USERS
This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.
The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.
1.The sign or "target" fo r pages apparently lacking from the document 
photographed is "Missing Page(s)". If  it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.
2. When an image on the film  is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed die photographer followed a definite method in 
"sectioning" the material. It  is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections w ith a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.
5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.
Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106
ECHOLS, Richard Evans, 1941-
AN INVESTIGATION OF THE MECHANISM OF ALKALINE 
PHOSPHATASE CATALYZED HYDROLYSIS OF THIAMINE 
MONOPHOSPHATE.
The Louisiana State University and Agricultural 
and Mechanical College, Ph.D., 1973 
Biochemistry
University Microfilms, A XEROX Company, Ann Arbor, Michigan
THIS DISSERTATION HAS BEEN MICROFIIMED EXACTLY AS RECEIVED.
AN INVESTIGATION OF THE MECHANISM OF ALKALINE 
PHOSPHATASE CATALYZED HYDROLYSIS OF 
THIAMINE MONOPHOSPHATE
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the
Doctor of Philosophy
in
The Department of Biochemistry
by
Richard Evans Echols
B.S., Alabama A. and M. College, 1962 
M.A., Fisk University, 1964
May, 1973
To my wife, Barbara, and my children, Roderick and Melanie. 
Without their love, understanding and confidence, I could never have
come as far as I have
ACKNOWLEDGEMENT
The author sincerely expresses his gratitude and 
appreciation to Dr. G. E. Risinger for his guidance, interest, 
philosophy, and invaluable assistance throughout the course of 
this research.
The author also gratefully acknowledge the financial 
assistance provided by both the Southern Fellowship Fund of Atlanta, 
Georgia and the Biochemistry Department of Louisiana State Univer­
sity at Baton Rouge; for without their assistance, this research 
would not have been possible.
Sincere thanks and appreciation are extended to the 
members of the Biochemistry Department and the Author's Advisory 
Committee, whose counsel was freely given: Dr. R. S. Allen, Dr.
Simon Chang, Dr. E. Younathan, and Dr. F. K. Cartledge.
In addition, thanks goes to the members of the Chemistry 
Department of Southern University and especially to Mrs. Marva 
Henderson, Dr. Julia Martin, and Dr. Robert Miller.
Deepest appreciation and sincere thanks is extended to
my wonderful wife, Barbara, who both worked and encouraged me through­
out the course of my research.
TABLE OF CONTENTS
ACKNOWLEDGEMENT ...................................
LIST OF TABLES ...................................
LIST OF FIGURES ...................................
LIST OF GRAPHS ...................................
LIST OF SPECTRA ...................................
ABSTRACT ... ...............................
I. Introduction.....................................
Isolation of Beriberi ..........................
Structure and Synthesis of ..................
The Origin of the Names of Thiamine ............
Thiamine Structure-Activity Relationship.  ....
The Mechanism of Thiamine in Decarboxylation .... 
Review of Alkaline Phosphatase .................
II. Experimental ....................................
A. Synthesis of Ethyl-4Hmethylthiazole-5-Acetate 
Hydrobromide ................................
B. Neutralization of the HBr Salt of Ethyl
5-methylthiazole-5-acetate .................
C. Deuterium Exchange of the Alpha Hydrogen of 
the Ethyl 5-methylthiazole-5-acetate .......
D. Preparation of N-Nitrosomethylurea .........
E. Preparation of Diazomethane  ..........
F. Synthesis of Methyl 4-Methylthiazole- 
-5-Acetate ................. ................
G. Reduction of Methyl 4-Methylthiazole- 
-5-Acetate ..................................
TITLE Page
H. Reduction of Ethyl 4-Methylthiazole-5-Acetate
with Lithium Aluminum Deuteride-d, ...........  41
4
I. The Preparation of Deuterated Thiamine.......  42
J. The Alkaline Reaction of 0-Benzenesulfonate
on Thiamine ......   43
K. The Reaction of Thiamine-O-Benzenesulfonate
wxth Sodium Borohydride ................    44
L. Phosphorylation Reagent ......................  44
M. Preparation of Deuterated Thiamine Mono­
phosphate Hydrochloride ....................... 45
N. Synthesis of 3-Benzyl-4-(2-hydroxyethyl)-
tniazolium Chloride ........................... 46
0. Preparation of Disodium 3—Benzyl—4—(2—Phosphoethyl)
-thiazolium Bromide ........................ .... 46
P. Synthesis of Disodium 4-Methyl-5-(2-Phos-
phoethyl)thiazolium Bromide ................... 47
Q. The Isolation of Deuterated Thiamine From the
Hydrolysis of Deuterated Thiamine Monophosphate
with Alkaline .Phosphatase.........  48
R. Preparation of Oxythiamine ...................  49
S. Synthesis of Oxythiamine Monophosphate.......  51
T. Preparation of Thiochrome Monophosphate.......  51
U. Preparation of Tetrahydrothiamine ............  52
V. The Synthesis of Tetrahydrothiamine Mono­
phosphate Hydrochloride..............      52
W. Determination of Enzymatic Activity of
Alkaline Phosphatase ..........................  53
X. Synthesis of E-thyl 3-(4-amino-2-methyl-5-
Pyrimidinylmethyl)-4-Methylthiazole-5-Acetate . 54
Y. Preparation of 3-(2-Amino-2-methyl-5-
Pyrimidinylmethyl)-2,4-dimethylthiazaolium
Chloride.................................. .. 54
iv
2. Preparation of 3,4-dimethyl-5-(2-Hydro­
ethyl )thiazolivan Iodide ........ ;...........  54
a\  The Buffering of Thiamine Derivatives
for PMR Studies ..........................   59
1 31
B . P NMR Results of 3-Benzyl-4-methyl-5-(2-
Phosplioethyl)thiazolium Bromide ............  6l
C1. Oxidation of Thiamine with KI and 1^ and
Hydrolysis with Alkaline Phosphatase 61
d\  The Detection of the Oxidation of the 
Sulfhydryl Group with PMR Spectroscopy 
under Basic Conditions .................... 61
e \  Attempted Synthesis of Thiamine Thiazolone l 
^ Monophosphate  ........................... 62
F • Attempted Synthesis of 3,4-dimethyl-5-(2-Phos-
phoetnyl)thiazolium S a l t s   .....   63
III. Discussion................      64
IV. References ....................................... 120
V. Spectra.......................................... 127
v
LIST OF TABLES
TABLE PAGE
I. Activities of Thiamine Related Analogs............. 10
II. Mass Spectra Data of Deuterated Thiamine and
Thiazole........................................... 50
III. The Absorbance Reading x 100 of Various Thiamine
Monophosphate and Related Derivatives After 5 
Minutes Hydrolysis with Alkaline Phosphatase......  55
IV. Relative Rates as Compared to Thiamine
Monophosphate at 5 Minutes........    56
V. Rates of Alkaline Phosphatase on Derivatives
of Thiamine at Various pH's....................  57
VI. Relative Rates of Hydrolysis of Non-Thiamine
Compounds.......................................... 58
VII. Spectra Width Separation of AB Patterns............ 60
VIII. Chemical Shift Differences between the Methylene
of Phosphorylated and Nonphosphorylated Thiamine 
Derivative......................................    67
IX. pH Optimum for Rate of Hydrolysis of Thiamine
Derivative  .........................     78-79
vi
LIST OF FIGURES
Figure Page
1. An Early Proposed Structure of Thiamine .................. 5
2. The Structure of Thiamine.................................. 6
3. Synthesis of Thiamine ....................................  8
4. Analogs of Thiamine ...................................... 9
5. Catalytic Formation of A c e t o i n ........................... 11
6. Mechanism of Decarboxylation and Transketolation.........12
7. Langenbeck's Amine Mechanism with 3-Amino Oxindole . . . .  13
8. Langenbeck’s Mechanism with T h i a m i n e..................... 13
9. Mizuhara's Thio-Acetal Model for the Decarboxylation
of Pyruvate..............  15
10. Thiol Form of Thiamine.................................... 16
11. Pyridinium Bridge Model Mechanism ........................  16
12. Breslow's Methylene Bridge Mechanism „ ..................  17
13. Ylid Formation of Thiazolium Compounds ..................  18
14- Lapworth's Mechanism for the Benzoin Condensation ........ 19
15. Thiamine Catalyzed Formation of Benzoin ................  19
16. Thiamine Reactions in Basic S o l u t i o n ...............   21
17. Pyruvate Decarboxylation by the Yellow Form of Thiamine . . 22
18. Schwartz*s Postulated Mechanism for Alkaline Phosphate . . 24
19. Fishman and Ghosh»s Mechanism for the Hydrolysis of
Monophosphate Ester by Alkaline Phosphatase ..............  26
t
vii
28
28
29
30
31
32
33
34
35
64
65
75
77
81
84
86
88
88
89
The Enzymatic Hydrolysi^ of Glycerol-3-Phosphate
in the Presence of ..............................
1-Methoxypropyl-2-Phosphate ..........................
Mechanism for the Phosphate Hydrolysis of the 
Monoanion of Benzyl Phosphate ........................
Mechanism- of Hydrolysis of the Monoanion of Acetyl 
Phosphate .............................................
The Mechanism of Hydrolysis of 2-Methoxyethyl Phosphate 
with Lanthanum Hydroxide Gel . ........................
Mechanism of Methyl Phosphate Hydrolysis by an
SN^ Mechanism.....................................   . .
The Hydrolysis of Glycerol-1-Methyl Phosphate in 
Alkaline M e d i u m ........................ ..............
The Mechanism of Ribonuclease I ....................
Model Compound Involving the Breaking of C-0 Bond in 
Phosphate Hydrolysis ...................................
6-Methylthiamine and 3-(4-Amino-2-Methylpyrimidyl-5- 
Ethyl)-4-Methyl-5-(2-Hydroxyethyl) Thiazolium Chloride .
Base Hydrolysis of Thiamine Monophosphate
Deprotonation of Tetrahydrothiamine ...................
Equilibrium Products of the Benzyl Derivative in Base
Equilibrium Mixture of Thiamine Monophosphate 
Intermediates ................................
Equilibrium Products of Oxythiamine Monophosphate 
Intermediates .........................................
Resonance Structures of Thiamine Monophosphate and 
Oxythiamine Monophosphate ........... »...............
NO-Ketal Models .......................................
O-Phosphoryl Ketal Model ............................
2-Acetylperhydrofurothiamine and 2-Benzoylperhydror 
furothiamine ...........................................
viii
igure Page
38. Hydroxyl Addition Ketal Model ...........................  89
39- 2,4-Dihydroxyfuran Model of Thiamine.,.......    90
40. Oxidation Scheme of Thiamine Monophosphate to the
Disulfide . .  ................    92
41. Equilibrium Isomers of Formamides Caused by
Restricted Rotation............    93
42. The General Reaction of Thiamine and Thiamine
Derivatives to give the Thiol Form.  .......... 94
43. Pictorial Representation of the Trans Isomer of the
Thiol Form of Thiamine Monophosphate .....   97
44. Deshielding Cause by Benzene Solvent Interaction .......... 97
45- Pictorial Representation of the Cis Isomer of the
Thiol Form of Thiamine ..........   98
46. Hydrogen Bonded Model of a Vinyl Amide.....................100
47- Hydrogen Bonded Model of the Thiol Form of Thiamine
Monophosphate ......................    101
48. Benzyl Derivative and Thiamine Monophosphate ...........   103
49- Charge Transfer Model...........    104
50. Indolylethylnicotinamide and Indolylethyldihydro-
nicotinamide.............................................. 104
51. Thiazolium Nucleus ..................................   105
52. Thiochrome Monophosphate and Tetrahydrothiamine
Monophosphate .....................  .".................... 106
53. Tricyclic and Tetracyclic Forms of Thiamine  ....;.. 107
54. C-0 Bond Scission in 2-Aminoethyl-phosphate .........  108
55. Synthetic Scheme of Deuterated Thiamine Synthesis......... 109
56. The Reaction Scheme for Scrambling of Deuterium in
Labelled Thiamine Monophosphate   .....    112
57. M/E Fragment Structures ....................   114
ix
Figure
58.
59.
Page
Mephanism for the Formation of Thiamine
Anhydride ..............................................  xl7
Alternate Mechansim for Thiamine Anhydride
Formation..............................................  . 118
x
LIST OF GRAPHS
GRAPHS PAGE
1-2. The .Rate of Hydrolysis of-Thiamine
Monophosphate and the Benzyl Derivative at
pHs 9*10 and 9 * 7 0 ................................. 69
3. The Rate of Hydrolysis of Tetrahydrothiamine
Monophosphate and Thiochrome Monophosphate at 
pHs 9.1 and 9 . 7 0 ................................. 70
4-5. The Rate of Hydrolysis of Tetrahydrothiamine
Monophosphate and Benzyl Derivative pHs 9*10 
and 9.70.......    71
6-7. The Rate of hydrolysis of Benzyl Derivative with
and without 1 hour incubation at pHs 9*10,
9.70 and 10.00................................... 72
8-9. The Rate of Hydrolysis of Thiamine Monophosphate
with and without 1 hour incubation at pHs 9.7 
and 10.00
10. The Hydrolysis of Thiazole Monophosphate at pHs
9.10, 9.7 and 10.00.............................. 74
xi
LIST OF SPECTRA
PMR PAGE
1. 2-Acetylperhydrofurothiamine................. ....... 128
2. 2-Bfenzoylperhydrofurothiamine.......................  129
3. Methyl 4-Methyl thiazole-5-Acetate-d2‘ .............. 130
4. 4-Methyl-5-(2-hydroxy-ld2-ethyl)thiazole........... 131
5. 4-Methyl-5-(2-hydroxy-2d2“-ethyl)thiazole...........  132
6. Thiamine-ld ....................... ............... 133
z
7. Thiamine-2d2 ..........................     134
8. Thiamine Anhydride ...............................  135
9. Dihydrothiamine Anhydride.......................... 136
10. Thiamine-2d2 Monophosphate...........    .137
11. Thiamine-1 d2 Monophosphate.........................  138
12. Disodium 3-Benzyl-4-Methyl-5-(2-phosphoethyl)thiazolium
bromide....................    139
13. Oxythiamine Monophosphate....................   140
14. Thiochrome Monophosphate ........    141
15. Tetrahydrothiamine Monophosphate..............   142
16. 16b. Ethyl 3-(4-Amino-2-methyl-5-pyrimidinylmethyl)-
-4-methylthiazolium-5-Acetate Chloride
hydrochloride................................  143
17 a-b. 3-(4-Amino-2^Methyl-5-Pyrimidinylmethyl)-2,4-
-dimethylthiazolium Chloride Hydrochloride.... 144
18. 3-(4-Amino-2-methyl-5-pyrimidinylmethyl)-4,5-
-dimethylthiazolium chloride hydrochloride ......  145
19. Thiamine Monophosphate.............................  146
20. Thiamine  .....    147
21. 0-Acetyl thiamine.......    148
22. 2,4-Dimethylthiazolium Iodide..................... 2.49
23. Oxythiamine Monophosphate at Variable Temperatures.. 150
24. Thiamine Monophosphate at Variable Temperatures  151
25. 3-Benzyl-4-Methyl-5(2-phosphoethyl)thiazolium bromide
at Variable Temperatures.......................  152
26. Oxythiamine at Variable Temperatures............... 153
27. Thiamine Monophosphate, NaOH/f^O...........   154
28. Thiamine, N a O H / ^ O ................................  154
29. Oxythiamine, NaOH/ttjO .............................  155
30. Oxythiamine Monophosphate, NaOH/t^O...............  155
31. Disodium 3-Benzyl-4-Methyl-5-(2-phosphoethyl)
thiazolium bromide, NaQH/to2P ......................  156
32. 3,4-Dimethyl-5-(2-hydroxyethyl)thiazolium Iodide,
NaOH/h ........................................ 156
33. 3-Benzyl-4-methyl-5-(2-hydroxyethyl)thiazolium
Chloride, K0H/h20 .............................  157
34. 3-Benzyl-4-methyl-5-(2-hydroxyethyl)thiazolium
Chloride, KOH/CH3OH............  157
xiii
ABSTRACT
An investigation of thiamine monophosphate and related 
thiazolium derivatives was carried out in order to elucidate the 
function of the amino group of thiamine. Alkaline phosphatase was 
used as a probe in this study.
Thiamine monophosphate and several model substrates were 
hydrolyzed with alkaline phosphatase at pHs where the amino group is 
known to interact with the C-2 position of the thiazole moiety to 
form tricyclic thiamine. From the model system studies, it appears 
the enzyme prefers either the tricyclic structure or the thiol form 
as a substrate. The rate data obtained from model substrates show 
that the enzyme hydrolyzes the phosphate of free amine many times faster 
than the protonated or quaternized amine. The PMR data indicate that the 
tricyclic form of thiamine may not be an important substrate, but it 
is an intermediate in the formation of the thiol form. An inter­
mediate was detected in the alkaline phosphatase hydrolysis of
3-benzyl-4-methyl-5-(2-£hosphoethyl)thiazolium bromide, at pH 10.00, 
which was suggested to be the pseudo-base. The PMR analysis clearly 
shows that thiamine is opened to the thiol form at pH 9.70 whereas 
model compounds without the amino jgroup opened at pH's above 10.70.
xiv
Structural analyses of the intermediates by PMR show that 
thiamine and related thiazolium derivatives are hydrolyzed to the 
amide, which exhibits non-equivalences due to restricted rotation 
around the N-C bond of the amide group. This was verified by taking 
the spectra above the amides coalescence temperature. The positions 
of the signals are used to assign peaks to the cis or trans isomers.
Four labelled compounds were synthesized, 3-(amino-2- 
methyl-5-pyrimidinylmethyl)-4-methyl-5-(2-hydroxy-2d2-ethyl)thiazolium 
chloride hydrochloride and 3-(amino-2-methyl-5-pyrimidinylmethyl)- 
-4 -methyl-5-(2-hydroxyl-ld2-ethyl)thiazolium chloride hydrochloride and 
their monophosphate derivatives. The labelled compounds were used to 
determine whether thiamine monophosphate goes through a tetracyclic 
intermediate upon hydrolysis with alkaline phosphatase at pH values in 
the range of 10.00. The results do not give any evidence that would 
substantiate the tetracyclic forms of thiamine monophosphate as an 
intermediate in the hydrolysis.
xv
I . INTRODUCTION
The history^ of thiamine goes back to the deficiency disease 
known as ^'beriberi that was prevalent in the Far East and South America 
for centuries. The earliest reference to the disease is reported in 
the oldest known medical treatise, the Chinese Neiching, and believed 
to date back to 2697 B.C.
Around the turn of the century there were numerous theories
of what caused beriberi. These theories ranged from an intoxication
(arsenical to carbon dioxide poison), an infection (cause by protozoa, 
bacteria or fungi), as due to some deficiency in food (fat, nitrogen, 
organic, phosphorus and some unknown substances) to the theory that it 
is not a specific disease but a group of diseases. In the years 1885
to 1910 there was a digression in the search of the etiology of the
disease partly due to Pasteur's great work of the decades 1870 to 1890.
Beriberi - a disease marked by spasmodic rigidity of the 
lower limbs with muscular atrophy, paralysis, anemia and neuralgic pain. 
The condition is due to a deficiency of vitamin B, (thiamine) and other 
vitamins and is frequently caused by a diet consisting too exclusively 
of white (polished) rice. There are three classes, (1) dry beriberi^
(2) wet beriberi and (3) cardiac, or acute beriberi.
1
Kanehiro Takaki, Surgeon General of the Japanese Navy, was 
instrumental in redirecting attention to nitrogen deficiency as the 
cause of beriberi. After the study of the crews of three ships on a 
40 day voyage to Chemulpo, in which on one ship 195 men out of 330 
came down with beriberi, he ordered a detailed report. The only 
disparities were in the types.of foods eaten. As Surgeon General of 
the Navy and an advocate of the dietary theory aS the origin of 
beriberi, he persuaded the Navy to change the quality of its rations 
and by I884 beriberi had been almost completely eradicated. He became 
convinced of the dietary theory and advocated that the principal cause 
of the disease was that the nitrogeneous substances contained in the 
food were not sufficient to maintain nitrogen metabolism.
Takaki had converted a few students of the disease to the 
dietary theory, but not until Eijkman, by accident, found that fowls 
develop paralytic conditions upon being fed exclusively a polished 
rice diet. Eijkman demonstrated that the disease did not develop upon 
feeding unpolished rice and it could be prevented or cured by feeding 
the polishings of the rice to the birds.
The process of characterizing the beriberi vitamin was thrown 
into a state of confusion by work that was being done on the 
antipellagra vitamin. This confusion was not resolved until it was 
found that the beriberi vitamin could be destroyed by heating. The 
beriberi vitamin was then characterized as the thermolabile factor in 
yeast and rice polishing and the thermostable factors as the other B
3vitamins. They are now known as riboflavin, nicotinic acid and 
pyridoxine. In developing a diet, all the above had to be included before 
a pure beriberi condition could be developed in an experimental animal.
Isolation of the Beriberi Vitamin 
In 1926, the momentous achievement of the isolation of the
beriberi vitamin was reported in a note to the Proceeding of the Royal
Dutch Academy of Sciences, Amsterdam, by Hansen and Donath. A full 
length paper appeared in early 1927 describing in detail how the pure 
vitamin had been isolated.
One of the first obstacles that had to be overcome was to
find an animal that could serve as a reliable assay for chemical
fractionation. Although Eijkman and Grign performed their work on the 
chicken while others worked with pigeons, the protective experiment was 
too slow and unreliable to permit rapid progress in chemical operation.
Jansen and Donath used the rice bird "munia maja" which would 
contract typical polyneuritis (beriberi) in nine to twelve day when
fed polished rice with other vital supplements.
The Dutch workers used as a chemical reagent an acid clay which 
is equivalent to Seidell's fullers earth or Lloyd's reagent to adsorb all 
the antineuritis activity of rice polishings or yeast extracts. The 
vitamin from 100 kg of rich polishing1 was adsorbed on 3 kg of clay and 
liberated with baryta (barium sulfate). After concentrating the extract 
at low temperature, they fractionated with silver sulfate and baryta. 
Jansen and Donath then precipitated the vitamin with phosphotungstic
4acid; after further purification with acetone and water, they decomposed 
the complex with baryta and removed the barium with sulfuric acid.
The solution was concentrated and the vitamin was precipitated with 
platinic acid which was removed by hydrogen sulfide. The solution was 
then concentrated and the vitamin taken up in alcohol and precipitated 
with acetone. After several months of repeating the isolation procedure, 
100 mg of the hydrochloride salt melting at 250°C was reported to be 
obtained. Analysis of the hydrochloride was reported to be 
C6HioON2-HC1. This analysis later proved to have no meaning because 
sulfur had been left out as proved by Windaus (1931). Seidell was 
able to isolate thiamine upon improving the procedure by benzoylating 
the mixture of bases present in the extract. This isolation was 
important because it permitted calculation of the correct empirical 
formula as C12H18N4SOCI2. Several other groups reported the isolation 
of thiamine in the next few years.
Structure and Synthesis of B_i
With the crystalline vitamin isolated and characterized,
there remained the problems of determining the structure and final
proof of structure by synthesis. Windaus had started the degradation
of thiamine by oxidizing the nitrate salt with nitric acid to get two 
3a
products . He suggested a dioxymethylpyrimidine and mercaptopyrrol. 
cl2Hl6N4°s   C 5H6O 2n 2 + C^Hf^NS
Iu 1934, Williams published a letter to the editor of 
J . Amor. Chcm. Soe. announcing a novel cleavage with sodium sulfite of 
quantitatively into 6- aminopyrimidine sulfonic acid and a base 
containing sulfur and a free hydroxyl group^.
C12H16N40S  **- C6H9N3S03 + C6H9NOS
I II
The structure 6-aminopyrimidine sulfonic acid was based on 
UV analysis. Oxidation of II gave a known compound, 4-methylthiazole-
5-carboxylic acid, which was identical to the Windaus compound. At 
this point Williams^ proposed a structure for the vitamin (Figure 1).
Figure 1
HCI
CHiCH2^ N > r JJH2|^ S ^ C H *C H jO H
h J — N— !LCHj
cr
All the camps now began to converge on the three problems; 
(1) the nature of the thiazole ring, (2) the nature of the pyrimidine 
ring, and (3) the linkage between the thiazole and pyrimidine rings. 
The first problem was readily solved, based on the structure of
4-methylthiazole-5-carboxylic acid and the presence of an aliphatic 
hydroxyl group. The synthesis of 4-methyl-5-(2-hydroxyethyl)thiazole
was developed in a few months by Buchman^ and Clarke^.
CHjCOCHCICHjCHjOH +  H C -N H2
and
CHjCOCHCICHjCH2OC2Hs +  HC—NH2
The toughest problem was the pyrimidine moiety, since at
the time no pyrimidine sulfonic acid was reported in the literature.
The pyrimidine moiety was converted to the hydroxyl pyrimidine
, • • 8derivative .
The UV spectra of I and III suggested a pyrimidine nucleus. 
This suggestion was confirmed by the reduction of (I) with Na and 
liquid ammonia to the 2,5-dimethyl-6-aminopyrimidine which gave an 
identical UV spectrum and no melting point depression when mixed with 
the synthesized compound. Compound I was identified by conversion of
2-methyl-5-ethoxymethyl-6-oxyprimidine to its sulfonic acid. With
Q
this information, Williams published his revised and correct 
structure of thiamine (IV).
Figure 2
C6H9N3SO3 + 
I
C6H8N2SO4 + NH3 
III
Cl-
The first synthesis was reported the next month (Figure 3).
In tiie next two years several new synthesis came along for the
11 12 13
pyrimidine acid thiazole moieties and thiamine * ’ . The final
published structure of thiamine has never been questioned.
The Origin of the Names of Thiamine
The thermolabile substance in food was referred to early 
in America as the beriberi or antineuritis vitamin or just vitamin B. 
The term B originated in England and has long prevailed in Europe.
The subscript one denoted that.it was one of the vitamins in B-complex.
After B-j^ was fully identified, Jansen‘S  suggested the name 
aneurin. The council of Chemistry and Pharmacy of the American Medical 
Association objected to all the foregoing names because each oArried an 
implication of therapeutic value. The council requested Williams to
suggest a name and he suggested thiamin, which is to connote the idea
14that it is a sulfur containing vitamin . The American Chemical 
Society committee on nomenclature added the 11 e" to reflect the view 
that the amino group in the molecule called for this terminology.
Thiamine Structure-Activity Relationship
Thiamine and analogs of the vitamin have been studied from 
an enzymatic (effect on growth or some other biological variable) and 
a non-enzymatic approach (production of acetoin or production of 
carbon dioxide).
15
Schultz investigated a group of analogs of thiamine with 
the substituents of methyl, ethyl, hydrogen and propyl groups at
C jH sONa
CH2= C H C O O R  ------------------- ROCHjCHjCOOR
c h 2o r
N H j
"r o h "
rHBr
jCv^Nv^NHj'Br'"
+ suec h 2c h 2o hCH,
Figure 3
Na
HCOOR
ROCH?C =  CHONa  
I
COOR
CHjs^ N ^ N H ;  fj* S ’jv-CHjCH^H
- n ^ J L c h ^ n — lCHl
R =  -C 2H s
oo
different positions on the nucleus using the pigeon assay method.
Although the pigeon assay is questionable, some of the compounds were
made and checked by Cline"^ with rats; and essentially the same
results were obtained, as summarized in Table I.
The effect of the substitution of atoms in the ring has been
investigated from an inhibitory point of view more than from the
classical growth requirement. Several analogs have been made and 
17
studied. Dornow studied several derivatives of pyrithiamine (V)
and the Dornow analog (VI) and found that they'did not have activity.
18
According to Brown the 1-nitrogen is believed to be the basic center
Figure 4
CH,CH,CHjOH
VI VIII
and on the apoenzyme surface should have an orientation such that it 
corresponds to an apoenzyme acidic site. The orientation of the 
molecule in the apoenzyme site has been suggested as a explanation 
for the variation in activity of the alkyl analogs'^. While the smaller
alkyl derivatives are slightly less active, the 2'-butyl thiamine is a 
potent antithiamine^9 #
10
TABLE I
% ACTIVITY PYRIMIDINE THIAZOLE
lOOfo 2 -methyl 4' -amino 4-methyl 5-hydroxyethyl
(Thiamine)
84% 2 -ethyl 4*-amino 4-methyl 5-hydroxyethyl
50% 2 -methyl 4'-amino 4-hydrogen 5-hydroxyethyl
50% 21-methyl 4'-amino 4-ethyl 5-hydroxyethyl
50% 2' -ethyl 4 -amino 4-ethyl 5-hydroxyethyl
33% 2 -propyl 4 -amino 4-methyl 5-hydroxyethyl
4.5% 2'-hydrogen 4'-amino 4-methyl 5-hydroxyethyl
3.5% 2 -methyl 41'-amino 4-propyl 5-hydroxyethyl
1% 2 -methyl 4' -hydrogen 4-methyl 5-hydroxyethyl
1% 2' -methyl 4N-methyl 4-methyl 5-hydroxyethyl
1 % 2 -methyl 4 -amino 4-methyl 5-chloroethyl
1 % 2 -methyl 4*-amino 4-methyl 5-ethoxyethyl
f f
1 % 2 -methyl 4-amino 4-methyl 5-hydroxyethyl
!
6 -methyl
11
The non-enzymatic model is dependent on a test developed by
39
Mizuhara which measures the quantity of acetoin present (Figure 5). 
Thiamine is the most active compound that has been tested as of 
today.
Figure 5
H OH
2 CH,CCOOH +  ca t.  -----------   CH,CCCH, +  2CO,
Ao
N-methylthiamine and 6-methylthiamine have 66 and 18 percent, respectively, 
of the activity of thiamine, whereas their activity in the pigeon 
assay is nil.
It is clear from enzymatic studies that the molecule must
have a free hydroxyl group to be active (See Table I). The observation 
22
by Buchman that thiazole pyrophosphate, and not thiazole, blocked
the decarboxylation of pyruvic acid by yeast, suggested the possibility
of competition for the apoenzyme surface by thiamine pyrophosphate and
thiazole pyrophosphate. This view has been substantiated by 
23
Cerecedo , who has shown that the inhibition of yeast carboxylase by
oxythiamine depends on the order of addition of coenzyme and inhibitor.
24,25,26
With this and other evidence the side chain in the 5-position
has been assigned the sole function of binding the coenzyme to the 
apoenzyme.
12
The Mechanism of Thiamine in Decarboxylation
Shortly after the characterization of thiamine, Lohman and 
, 26 _
bcnuster discovered that the pyrophosphate derivative was the 
coenzyme responsible for the decarboxylation, of pyruvate in pyruvic 
decarboxylase from yeast. In the late 30’s and early 40*s, the
coenzyme was found to be involved in a number of biochemical reactions
27 28 20
that included oxidative decarboxylation ’ , acetoin formation , and
1 1  T 30, 31 I
phosphoroclastic reactions . In the early 50's it was found that
transketolase reactions, involving the cleavage of D-xylulose-5- 
30,31
phosphate y and phosphoketolase were dependent on thiamine.
Figure 6
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The thiamine catalyzed reactions mentioned above involves 
the condensation of an alpha keto acids with thiamine to give an
intermediate like IXa. The overall reaction is like the retro—aldol 
and beta keto decarboxylation of acids (iXb) in the respect that the
13
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iminium salt (IXa) serves in the capacity of the carbonyl. The thiamine
intermediate can donate the acetyl group by an aldol type reaction (IXc ) 
in the formation of acetoin and the transketolase reaction of D-xylulose 
(See Figure 6). The oxidative decarboxylation involves the same 
intermediate, but the transfer is made to another subunit of the
33.34
decarboxylase complex that contains the oxidizing agent, lipoic acid
33.34
(thioctic acid), which is eventally reoxidized by way of FAD and NAD
Model system studies for thiamine were begun by Wolfgang
35
Langenbeck before the existence of thiamine was known . Langenbeck
discovered that primary amines decarboxylate alpha keto acids, and the
catalytic activity increases with the complexity of the amine in his
series (example of activities; glycine 4.65, phenylalanine 7.4, and
3-amino-oxidole 74). Langenbeck's mechanism for amines is given in
36
Figure 7. He predicted in 1933 that thiamine would be a primary amine. 
Although thiamine is a primary amine, it differs from Langenbeck's 
catalyst in that the amine has to possess an acidic hydrogen on the
37carbon attached to the nitrogen. Wiesner and Valenta rationalized the
mechanism by assuming that the positive charge on the thiazole should make
the protons on the methylene bridge labile and they could serve as the
acidic protons (See Figure 8).
It has been shown conclusively that the Langenbeck -
mechanism is incorrect. With the elimination of the amino group as
38,54
the active site, Karrer rationalized a mechanism using the
thiol group. Since thiamine was known to open into the thiol form
Figure 8
CHjCHjOH
(Figure 10), the first step in the decarboxylation involved the thiol
adding to pyruvate and subsequent formation of the thio-acetal.
40
Mizuhara prepared two models, the addition compounds of thiophenol
Figure 9
COOH
 v CH, HjCn^ N v .N H , CHO s _ i - O H
O " s4 _0h X X . H7 cooH  CH* ch .ch .o h
XI
COOH
IH O C H .C H .-S -C -O H
CH,
XII
(XI) and thioglycolic pyruvic acid (XII) and showed that they were 
not capable of catalyzing the acyloin condensation.
16
Figure 10
CIVj^Nv^NH, cHO S'
N^ ^ C H r N - ~ M ,I CHjCH,OH 
CH,
41The next major model was constructed by Breslow , ultilizing
. 42.43
the 1943 observation of Ugai that pyridinium compounds (Figure 11)
catalyzed the benzoin condensation.
Figure 11
" - C H ~ 0  ------------- R - C H - . 0 )
Breslow reasoned that a ylid (also referred to as a zwitterion) was 
being formed on the methylene bridge since thiamine chloride 
hydrochloride, N-methyl thiamine chloride hydrochloride and N-benzyl 
-4-methyl-5-(2-hydroxyethyl)thiazolium chloride all catalyze the 
formation of acetoin. He theorized that the aromatic ring was needed 
to activate the methylene bridge since the N-ethyl thiazolium salt 
did not catalyze the formation of acetoin (Figure 12).
Figure 12
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The modumisni was short lived because Wcstheimer44* 4b showed 
the hydrogens on the methylene bridge did not exchange with D2O under 
alkaline conditions. Breslow^** immediately demonstrated by 
infrared and nuclear magnetic resonance studies that the C-2 hydrogen 
on the thiazole ring exchanged. The thiazolium zwitterion (Figure 
13, Comp. XIII) is in equilibrium with the salt (XIIIa) under slightly 
basic conditions.
Figure 13
XIIIa XIII
Intermediate XIII sturcture is similar to the cyanide ion, which is 
known to catalyzed the benzoin condensation by the Lapworth
49mechanism (Figure 14)- In an exactly analogous fashion, he 
rationalized that the zwitterion should catalyze the reaction 
(P’igure 15).
The proof of the mechanism depended on the synthesis of 
intermediates (XIV) and (XV), and the detection of these in some 
biological system. Breslow^ could not synthesize the benzaldehyde 
derivative, but he did obtain the adduct with acetaldehyde which is
19
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known as HET"• He found that HET was more effective in the formation
of acetoin, as expected, hut the yield was not quantitative. Holzer 
Q
and Beauchamp reported detection of the pyruvate adduct using
radioactive pyruvate. Krampitz^ and Votaw, and U l l r i c h ^  and
Mannschreck were able to isolate and characterize hydroxyethylthiamine
pyrophosphate from an enzymatic system. The reaction intermediate
50
XIV was investigated by Krampitz , who reported the alpha proton
ro
exchange under mildly alkaline conditions while U l l r i c h a n d
Mannschreck did not detect the exchange and concluded the carbanion
formation was promoted by the enzyme.
The above mechanisms are based on the structure of thiamine
at relative low pH's. In the study of the acid-base chemistry of
67 70thiamine (Figure 16) above pH 9, investigators 9 have suggested 
that thiamine adds a hydroxyl ion to form the pseudo-base (XVII) and 
opens to the thiol form (XX).
Although early investigators had shown that thiamine exhibits
71
a transient yellow color upon treatment with base, Zima and Williams
, ~*This derivative was referred to by Neuberg in 1925 as "active 
acetaldbhyde" (acetaldehyde in State Nascendi), and an intermediate in 
pyruvate decarboxylation.
were the first workers to investigate the chemical significance of this 
phenomenon. They isolated the sodium salt of the thiol form (XX) and 
the form responsible for the yellow color (XIX), but no one has
isolated the pseudo-base.
(XVIII) of thiamine by the reaction of thiamine with sodium ethoxide. 
They did an extensive investigation into the origin of the yellow form
(XIX) and tricyclic form (XVIII). They proved by UV studies that the 
yellow form (XIX) decays through the thiol form (XX) and the tricyclic 
form. In aqueous media the yellow form (XIX) decays within minutes to 
the thiol form, but is stable a hour or more in methanol. Metzler and
Figure 16
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Maier and Metzler*^ were able to synthesize the tricyclic form
22
Maier estimated the approximate pK for the opening of the tricyclic form 
(XVIII) to the yellow form as being 11.6.
Since thiamine is a superior catalyst in the decarboxylation 
of pyruvate, Metzler implicates the yellow form as a possible important 
biological intermediate. He points out that the high pK may be 
objectionable, but if pyruvate is added in some prior reaction the pK 
could be decreased considerably. In the yellow form (XXI), the
Figure 17
O C E r =  t jC E f
qH _
v co° o h
XXI
decarboxylation could be assisted by the conjugation of the pyrimidine 
ring in a manner similar to decarboxylations involving vitamin 
complexes.
Review of Alkaline Phosphatase
Since the enzyme alkaline phosphatase is used as a probe in 
this study, a general review of its structure, active site and mechanism 
of action will be included.
Alkaline phosphatase (orthophosphoric monoester phospho- 
hydrolase) is widely distributed in nature. The enzyme is nonspecific 
for the organic portion of monosubstituted phosphate esters and 
anhydrides. The properties of the enzyme vary according to the source 
and in the case of animal phosphatases®-* variations from organ to organ
in the same source have been noticed. The exact molecular weight of
23
the enzyme is unknown, but different authors97 report molecular
95weights ranging from 70,000 to above 200,000. Rothman and Byrne 
determined that the molecular weight of crystalline E. coli alkaline 
phosphatase was 80,000, which consists of two inactive subunits with 
molecular weights of 40,000 each. Fishman and Ghosh^ using 
sephadex-gel filtration and ultraoeJitifugation, separated human 
placenta alkaline phosphatase into two forms which they called 
variant A and B. They determined that variant B (MW 200,000 plus)
was an aggregate of variant A (MW 70,000). Subunits for other 
, 118,120
alkaline phosphatases have been reported in the literature, but
the separation of the individual components has not been achieved.
97
Different authors report from one to two active sites per mole of
enzyme with varying amounts of zinc ions. Although the exact number
of gram-atoms of zinc has not actually been determined, there is
98
evidence for 4 gram-atoms of zinc/mole of enzyme with two atoms 
of zinc associated with the active sites and two atoms with the tertiary 
or quaternary structure.
Several groups have been considered important for alkaline
phosphatase activity. Early experimental work on E. coli alkaline
phosphatase implicated a serine residue at the active site. This is
based on the fact that E. coli alkaline phosphatase can be
phosphorylated by glucose-6-phosphate or orthophosphoric acid.
122
Degradation of the phosphorylated enzyme yields an 0-phosphorylserine.
123
It was presumed by Morton that the mechanism of hydrolysis
of phosphate esters by non-specific phosphatases occurred in two steps,
113
the phosphoryl transfer to the enzyme and the hydrolysis. Schwartz
24
suggested that the phosphate is bound to the enzyme before the serine 
residue is phosphorylated and the binding site is different from the 
site of phosphorylation. He supported this suggestion with the
following evidence: (1) the rate of turnover of orthophosphate is much
18
greater than the rate of incorporation of H2O into the phosphate and 
(2) the enzymic activity can be inhibited with orthophosphate at 
alkaline pH's where phosphate fixation hardly occurs. The enzyme can 
readily be saturated with orthophosphate below the optimium pH. Based
113 , , .
on this information, Schwartz postulated a mechanism for the
hydrolysis of phosphate esters with alkaline phosphatase
(Figure 18). Since the enzyme was known to contain zinc at the active
site, Schwartz suggested that its purpose was to coordinate both the
Figure 18
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phosphate ester and orthophosphate, thus activating them toward the 
nucleophilic attack by the hydroxyl group of serine.
25
Fishman and Ghosh1^ , using specific functional group
reagents in an extensive study of rat intestinal alkaline phosphatase,
accumulated evidence to support a different active center. They
suggested that the center of activity involves alpha amino groups,
an epsilon amino group of lysine, the sulfhydryl group of cysteine and
metal. Since the substrate can prevent inactivation of alkaline
phosphatase by thiol inhibiting reagents such as p-hydroxymercuribenzoate,
iodoacetamide and iddine, the thiol is implicated as being directly
98involved in the cleavage of the phosphate. Several metals7 (Fe,
Mg, Zn) have been found to be associated with alkaline phosphatase;
however, only zinc is important for enzymatic activity. This was
+2
concluded since only a source of Zn ions could reverse the
inhibition effects of EDTA. Alpha amino groups are reported to be
involved in the binding of the substrate, since treatment with excess
formaldehyde reagent only diminishes the activity, even when
incubated in high concentration for long periods of time at pH's
where the epsilon amino groups are known not to react. From pH 
99studies, Morton pointed out that the hydroxyl group of tyrosine or
an epsilon amino group of lysine was essential for enzymatic activity
of calf intestinal phosphatase, but could not be distinguished
because of the similarity in pK's. The dilemma was settled by
94Fishman's and Ghosh's use of O-methyl isourea, an epsilon amino 
group reagent. However, the enzyme was inhibited onlyiby about 
60fo. Fishman and Ghosh interpreted this result to mean that the 
epsilon amino group is involved only in binding and not related to the 
direct catalytic action. From the inhibition studies, Fishman and
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Ghosh put forth a model of the active site and a mechanism for the
hydrolysis of phosphate esters with alkaline phosphatase (Figure 19).
The isolation of O-phosphorylserine was not considered evidence
for serine being at the active site. He based his argument on the
122findings that the phosphoryl enzyme is thermodynamically stable
and the pKa of the serine hydroxyl group (pKa=i3.5) is far removed
from the pK values of the dissociable groups that are present in the
free enzyme or enzyme substrate complex. Therefore, the serine group
was assigned the function of a phosphoryl acceptor, since ethanolamine,
tris buffer and other hydroxyl containing compounds can be
121
phosphorylated by the enzyme
The rate determining steps of alkaline phosphatase, between
pH 5-8.5* depend on the dephosphorylation of the enzyme as indicated
97,100
by transient-state and steady kinetics . The fact that alkaline
phosphatase hydrolyzes most substrates at the same rate is indicative
of some common intermediate being rate determining. The rate
determining step above pH 8.5 is the phosphorylation of the enzyme
97bwhich is substrate dependent. Trentham and Gulfreund , suggested
that a conformational change of the enzyme, induced by the substrate? 
could be the rate determining step.
Although the exact sequence of events in the hydrolysis of
phosphate esters are still under investigation, the mode of cleavage
Q o 7 A
was determined by Cohn and Koshland and found to be the P-0 bond.
C>lucose-6-phosphate and glycerol-3-phosphate were hydrolyzed in the
18
presence of H2O with purified intestinal alkaline phosphatase. The 
label always appeared in the phosphate (Figure 20).
28
Figure 20
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Evidence from oxygen exchange experiments show that the
chemical hydrolysis of phosphate esters occur with the same bond being
broken as in the enzymatic hydrolysis. The results of stereochemical 
108
experiments involving the hydrolysis of optically pure 1-methoxypropyl- 
2-phosphate (Figure 21) show essentially complete retention of 
configuration. This is in contrast with acid hydrolysis which is 
accompanied by racemization and involves the cleavage of the C-0 bond.
Figure 21
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The specific events in the phosphate ester hydrolysis arc
109 112 
derived from model system studies. Bailly and Desjobert found
that organic monophosphates were hydrolyzed slowly at pH's 1 and 8,
but rapidly at a pH of 4, the region of the monoanion. Kumamoto 
107
and Westheimer found that the monoanion of benzyl phosphate was
hydrolyzed 40 times faster than dibenzyl phosphate. Using the above
information, they postulated the mechanism given in Figure 21b for the
hydrolysis of the monoanion. The primary products are ROH and the
metaphosphate (XXIII) which is rapidly hydrated. The proton transfer 
makes a relatively low energy leaving group (ROH) as compared to 
R0-j and makes the phosphate a better leaving group by increased 
electrostatic interaction. Intermediate (XXII) (Figure 21b) is based 
on the instability of the monoanion toward water. A similar mechanism 
is not available to the dibenzyl phosphate or the dianion. In support
Figure 21b
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of this is the facile hydrolysis of the monoanion of acetyl phosphate?** 
that involves a proton transfer through a six membered ring 
intermediate (Figure 22).
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The rate of hydrolysis of the mono- and dianion of acetyl 
phosphate is not significantly affected by the change of the solvent 
to D2O, but phenyl acetyl phosphate shows an isotope effect of 2.5.
This points out that the proton transfer must be made in the ground 
state and is not a rate determining factor. The proton transfer is 
supported by evidence which shows that the hydrolysis of aromatic 
phosphate esters are relatively insensitive to substituents on the 
ring as demonstrated by the hydrolysis of the monoanion of p-nitrophenyl 
phosphate and 2,4-dinitrophenyl phosphate.
Earlier, E. Bamarur^-^ found that lanthanum hydroxide gel 
promoted the hydrolysis of phosphate esters and suggested that it 
could serve as a model system for alkaline phosphatases. Westheimer10 ,^ 
using 2-methoxyethyl phosphate as a model (Figure 23), showed that the 
rate of hydrolysis increased 1000 fold in the presence of lanthanum 
hydroxide gel. He postulated a mechanism (Figure 23) where the 
lanthanum could serve in the dianion hydrolysis as the proton transfer 
does in the monoanion. The hydrolysis of the monophosphate ester by 
a mechanism involving the metaphosphate intermediate has received 
support from Jencks^ and Kirby110. Their studies of nitrophenyl
32
phosphate, 2,4-dinitrophcnyl phosphate and various other phosphate 
esters show that the rate of hydrolysis of the dianion depends on the 
ability of the leaving group to stabilize the negative charge that 
is produced.
attack by a hydroxyl ion (or ^ 0 )  at the phosphorus atom. This is not
thought to be a feasible mechanism because of the electrostatic charges
of the dianion, although it cannot be distinguished by product analysis.
There are model systems and some enzymatic systems that
proceed by a nucleophilic attack at the phosphate or carbon atom.
102
Bunton and coworkers studied methyl phosphoric acid as a neutral 
species and found the hydrolysis involves mainly C-0 bond fission with
Figure 24
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some P-0 bond fission. The proposed mechanism is a SN2 attack at the
carbon and phosphorus atoms (Figure 24).
There are many cases where intramolecular nucleophilic
attack occurs at the phosphorus atom under alkaline conditions, when
109
the phosphate is disubstituted. Bailly and Gaume showed that 
glycerol-l-phosphate is stable to alkali, but glycerol-1-methyl phosphate 
is readily hydrolyzed to glycerol-1 and 2-phosphates (Figure 25) with
Figure 25
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no methyl phosphate produced. The relative amounts of the isomers 
are the same as those found for the alkaline hydrolysis of glycerol-1,2 
cyclic phosphate. A similar migration of the phosphate readily occurs 
in acid for glycerol-l-phosphate. Brown and Todd^^ postulated that the 
mechanism of ribonuclease-J involves a similar attack at the phosphorous 
atom by the 2 hydroxyl group of the pentose unit (Figure 26).
The hydrolysis of monophosphate esters, under alkaline 
conditions, normally proceeds by a nucleophilic attack of H2O at the 
phosphorus atom (or metaphosphate). However, there is considerable 
evidence that shows that the nucleophilic attack can be made to occur 
at the carbon atom by the use of a properly modified ester, solvent or
Figure 26
34
78
nucleophile. Kirby and Jencks found that if the base is changed from 
a hydroxyl ion to a primary or secondary amine, the p-nitrophenyl 
phosphate dianion reacts by a nucleophilic attack at the carbon to 
give substituted anilines. The 2,6-dinitrophenyl phosphate dianion 
reacts with methoxide in a similar manner to yield the ether as the 
major product.
R2NH + p-N02c6H40P03 ■ 11*1 p-N02c6H^NR2 + HOPO3
80
Bunton and Chaumouich hydrolyzed glucose-6-phosphate and found that 
at low pH's the rate is similar to that of other monoalkyl phosphates; 
but, at higher pH's it differs in that the hydroxyl groups can assist 
in the displacement. The assistance is thought to be either by 
reduction of the electrostatic repulsion of the negative charges of 
the trianion formed in the hydrolysis by attack at the carbon atom
(XXIV), or by making a better nucleophile to attack the carbon atom
35
(XXV). The Internal attack by the hydroxyl ion is assumed to be 
at least a minor pathway because of the isolation of anhydro-1, 
5-glyco-pyranose (XXVI).
Figure 27
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The different mechanisms that can be constructed from 
model systems point up the difficulty in determining the exact events 
of the mechanism of cleavage by alkaline phosphatase, since the enzyme 
has the functionality to at least theoretically make most of them 
feasible.
II. EXPERIMENTAL
The chemicals in this study were reagent grade and used 
without further purification. Calf Mucosa alkaline phosphatase 
(lots 31C - 7260, 81C -7310 and 100C - 7140) with specific activity 
from 1.0 to 1.4 units per 1 mg of solid was purchased from Sigma 
Company. The substrates were synthesized by standard procedures and 
the new ones analyzed. Crude 4-methyl-5-(2-hydroxyethyl)thiazole 
and 2-methyl-5-chloromethyl-6-aminopyrimidine dihydrochloride were 
generously donated as a gift from Merck Chemical Company. Melting 
points were obtained on a Fisher-John apparatus and are uncorrected.
Infrared spectra were obtained on a Perkin-Elmer IR 127 
or Beckman IR 5 spectrophotometer. The proton magnetic resonance 
(PMR) spectra were obtained on a Perkin Elmer R12A or a Varian 
A60A spectrometer that was equipped with a variable-temperature probe.
31
The P NMR spectra was obtained on a Varian 100 MHZ spectrometer.
All PMR spectra were run in chloroform-d (CDCl^) or deuterium oxide
(D20) using tetramethylsilane (TMS) and sodium trimethylsilylproprio- 
sulfonate, respectively, as an internal standard unless otherwise 
indicated. The mass spectrograms were run by Mrs. Cheryl 
White, a Scientific Research Specialist at Louisiana State University,
38
37
on a Varian M-66 Double Focusing Mass Spectrometer. All pH's were 
taken on a Corning Model 12 pH meter with a single electrode 
standardized with a Leeds and Northrup or Mallinckrodt standard 
buffer. The enzyme activity was determined with a Beckman DU 
spectrophotometer equipped with a Gilford multiple-sample extinction 
recorder (model 2000, Gilford Instrument Laboratories).
All carbon-hydrogen-nitrogen analyses were performed by 
Mr. R. Seab, Scientific Research Specialist at Louisiana State 
University.
Preparation of Thioformamide
Anhydrous ether (75 ml) was added to a flask containing 
formamide (10 g, 0.2 moles). The mixture was cooled to 5° and 
phosphorus pentasulfide (5 g, 0.02 moles) was added in small amounts. 
The flask was covered with perforated parafilm and allowed to shake 
3 days at room temperature. The elemental sulfur that remained 
after evaporation was filtered and the crude thiof ormamide was stored 
in the refrigerator until used.
Yields; 7 g; (55 percent)
56,57
A. Synthesis of Ethyl-4-Methyl-Thiazole-5-Acetate Hydrobromide
Ethyl levulinate (20 g, 0.14 moles) was added to 150 ml of 
anhydrous ether in a three neck round bottom flask equipped with a
38
magnetic stirrer, a pressure equalizing dropping funnel and condenser.
Bromine (22.4 g, 0.14 mole) was added dropwise with the temperature
o
being maintained between 5-15 . (Bromination was initiated by 
warming a 5 ml aliquot containing bromine and adding it back to the 
flask). The ether solution was washed with 3-50 ml portions of ice 
water and dried over sodium sulfate. The solution was filtered and 
evaporated at room temperature.
Crude thioformamide (12 g, .19 moles) was added to absolute 
alcohol (10 ml) and chilled in an ice-salt bath to -10°C. The crude 
ethyl-2-bromo-levulinate was dissolved in anhydrous ether (50 ml) and 
added dropwise at a temperature below 0°C. This solution was placed 
in the refrigerator overnight and allowed to stand at room temperature 
for 24 hours. The crystals were filtered, washed with ether and 
recrystallized from ethanol, m.p. 167-168°
Yield; 24 g; (65 percent)
B. Neutralization of the HBr Salt of Ethyl 5-Methyl-Thiazole-5-
Acetate37
The hydrogen bromide ester was dissolved in a minimum amount 
of water and made basic with ammonium hydroxide. The solution was 
extracted with ether and dried over sodium sulfate. The ether was 
evaporated and the residue distilled under reduced pressure.
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C. Deuterium Exchange of the Alpha Hydrogen of the Ethyl 5-Methyl-
Thiazole-5-Acetate
Thionyl chloride (20 g, 0.169 moles) was added dropwise to 
deuterium oxide (36 g, 2 moles). Ethyl 5-methylthiazole-5-acetate 
(13 g, 0.075 moles) was added with stirring to the deuterium chloride 
solution. Stirring was stopped after the ester dissolved and the 
solution was placed in a water bath at 55° until the PMR spectra 
showed that greater than 9 exchange had occurred. The solution 
was evaporated to dryness under reduced pressure at 50°. The product 
was methylated without further purification. A 100 mg sample was 
recrystallized from ethanol. The PMR spectra showed that the ethyl 
ester was lost and the isolated compound was the corresponding acid, 
m. p. 218-220°
Yield: 10 g; (90 percent)
D. Preparation of N-Nitrosomethylurea^
Methylamine hydrochloride (33 g, 0.57 moles) was dissolved 
in water (200 ml) with potassium cyanate (50 g, 0.61 moles) and boiled 
for 20 minutes. The hot solution was filtered into a solution of 
sodium nitrite (33 g, .045 moles in 66 ml of water). The solution
was cooled and added slowly to a mixture of sulfuric acid (33 g), 
water (100 ml), and ice (100 g) in a beaker equipped with a mechanical 
stirrer while maintaining the mixture at 0° degree. The product was
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filtered by suction, washed with small amounts of cold water, 
partially dried and stored in the refrigerator.
Yield; 45 g; (85 percent)
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E. Preparation of Diazomethane
N-nitrosomethylurea was added in small portions to a cold 
stirring mixture of 20% potassium hydroxide and ether. The ether 
layer was decanted off and used without further drying.
F. Synthesis of Methyl 4-Methylthiazole-5~Acetate
4-Methyl-thiazole-5-acetic acid (8 g, 0.063 moles) was 
dissolved in methanol (300 ml) and coiled in an ice bath. 
Diazomethane prepared from nitrosomethylurea (9 g, 0.1 mole) in 
ether was added dropwise to the cold solution. The methanol-ether 
solvent was immediately evaporatdd under reduced pressure into a 
solution of 0.1N hydrochloric acid. The ether solution was dried 
over sodium sulfate. The ether was evaporated and the remaining oil
was used for the preparation of 4-methyl-5-(2-hydroxy -ld2~ethyl) 
thiazole without further purification.
Yield; 6 g, (69 percent)
Spectrum: PMR 3
G. Reduction of Methyl 4-M ethylthiazole-5-Acetate
The crude ester (3.5 g» 0.023 moles) was dissolved in 
anhydrous ether (100 ml) and added dropwise to a flask containing
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lithium aluminum hydride (3 g, 0.08 moles) suspended in absolute
ether (300 ml) by means of stirring with a magnetic stirrer. After
stirring 3.5 hours, water (10 ml) was carefully added. The ether
was decanted and the residue dissolved in IN hydrochloric acid, 
o
warmed to 50 , cooled, made basic to pH 10 (litmus) with sodium 
hydroxide and extracted with chloroform. The two solutions were 
dried over sodium sulfate, evaporated, added together and distilled 
under reduced pressure, b.p. 110°/3 mm
Yield; 1.6 g; (50 percent)
Analysis;
C5H9O2NOS— Calculated: C, 49.65; H, 7.58 
Found: C, 49.50; H, 6.84
Spectra: PMR 4 - Mass Spec, m/e 145 and 114
H. Reduction of Ethyl 4-Methylthiazole-5-Acetate with Lithium 
Aluminum Deuteride-d^
Ethyl 4-methylthiazole-5-acetate (7 g, 0.028 moles) was 
dissolved in anhydrous ether (100 ml) and added dropwise to lithium 
aluminum deuteride (1.5 g, 0.104 moles) suspended in anhydrous ether 
(220 ml) by stirring. A solid mass precipitated that could not be 
stirred. The mixture stood 24 hours at room temperature, water 
(10 ml) was added slowly and the ether solution decanted. After 
evaporation of the ether, the residue was dissolved in IN hydrochloric 
acid, warmed to 50°, cooled» made basic to pH 10-11 and extracted with 
chloroform. The chloroform solution was dried over sodium sulfate.
The lithium aluminum salts residue was dissolved in acid, warmed
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to 50  ^ cooled, made basic to pH 10-11 and extracted with chloroform. 
The chloroform solution was dried over sodium sulfate. The lithium 
aluminum salt residue was dissolved in acid, warmed to 50°, made 
basic and extracted with chloroform. The chloroform solution were 
evaporated and the residue distilled under vacuum, b.p. 110°/3 mm
Yield; 2.5 g, (44 percent)
Analysis:
C5H9D2NOS— Calculated: C, 49.65; H, 7.58 
Found; C, 49.61; H, 6.86 
Spectra: NMR 5 - Mass Spec, m/e 145 and. 112
I. The Preparation of Deuterated Thiamine
2-M e thyl -5-chlor ome thyl -6 -amincpyr imidine dihydro chi 0 ride 
(00.3 g, 0.013 moles) was heated in a 6 cc test tube with 4-methyl-
5-(2-hydroxy-ld2-ethyl)thiazole (0.3 g, 0.02 moles) in butanol (1 ml) 
for 2 hours at 115-117° with occasional stirring with a glass rod. 
Half way through the reaction an additional milliliter of butanol 
was added to maintain the suspension. Absolute ethanol (1 ml) was 
added and the reaction mixture was allowed to cool. The solid was 
filtered, washed with absolute alcohol and recrystallized from a hot 
solution of ethanol and water.
Yield: 0.204 g; (38 percent) m.p. 248-250°
Analysis:
Ci2Hi6D2N40SCl2H20-Calculated: C, 41.37; N, 16.09, H, 5.45
Found: C, 41.20; N, 16.08, H, 5.61
Spectra: PMR 6 - Mass Spec, m/e 145 and 122 (See Table 31)
The 5-(2-hydroxy-2d2-ethyl)thiamine derivative was synthesized 
by the above procedure with the substitution of 5-(2-hydroxy-2d2~ 
ethyl)thiazole for 4-methyl-5(2-hydroxy-ld2-ethyl)thiazole.
Analysis:
^l^l6B2^4®^^2“^ a^cu^ate(^ : 41.37; N, 16.09, H, 5.45
Found: C, 41.16; N, 16.41, H, 5.48
Spectra: PMR 7, Mass Spec, m/e 145 and 122
J • The Alkaline Reaction of Thiamine-O-Benzene-Sulfonate
Thiamine hydrochloride (2 g, 0.006 moles) was heated with 
benzenesulfonyl chloride (6 g, 0.03 moles) at 140° for 6 hours. The 
residue was washed thoroughly with ether. A brown solid (4.5 g) 
resulted. The sulfonate derivative (2 g) was dissolved in water 
(30 ml) that contained sodium hydroxide (0.5 g, 0.0126 moles) at 
0° and allowed to stand 2 hours. The solution was extracted with 
chloroform, dried over sodium sulfate and evaporated. Yield:
0.5 g yellow crystals m.p. 107-130°. After recrystallizing from 
ethanol-water solution, white crystals was obtained m.p. 137-138°.
Yield: 0.5 g; (33 percent)
Analysis;
c14.Hl6N4.0S-Calculated: C, 54.54; N, 21.21, H, 6.06
Found: C, 54.01; N, 21440, H, 6.09
Spectra: PMR 8, Mass Spec, m/e 122, 264, 143
K. The Reaction of Thiamine-0-Benzenesulfonate with Soditun Borohydride
The sulfonate (2 g) was suspenddd in water (15 ml) at 0°. 
Sodium hydroxide (0.33 g, 0.0008 moles) was added followed by the 
dropwise addition of sodium borohydride (0.3 g, 0.0079 moles) at 0°,
The solution stood at room temperature for two days and brown crystals
precipitated. The crystals were recrystallized from ethanol-water
o
solution. Tan Needle - m.p. 71-73
Yield; 90 mg; (10 percent)
Analysis;
C12H18 N4OS-Calculated: C, 54.13, N, 21.05; H, 6.77
Found: C, 53.98, N, 21.15; H, 6.63
Spectra: PMR 9
62L. Phosphorylating Reagent
Phosphoric acid (50 g, 85$) was added slowly to phosphoric 
anhydride (50 g) with manual stirring. The temperature produced by 
mixing was maintained by a hot plate until all the phosphoric anhydride 
dissolved. The reagent was used within a week after preparation.
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M. Preparation of Thiamine-l(fe and 26.2 Monophosphate Hydrochlorides
The properly deuterated thiamine hydrochloride derivative 
(0.6 g, 0.0017 moles) was mixed with the phosphorylating reagent 
(10-12 g). The mixture was stirred until hydrogen chloride stopped 
evolving, and then heated in an oil bath at 80-90° for 3 hours. After 
cooling the mass was dissolved in a minimum amount of water and 
diluted with (-50.-ml) of absolute alcohol. Anhydrous ether (200 ml) 
was added and a white semi-solid precipitated. The ether was decanted 
off and the residue boiled for 5 minutes in IN hydrochloric acid.
The water was evaporated under an aspirator vacuum. The oil was 
dissolved in hydrochloric acid (2 ml, conc.) and reprecipitated using 
ethanol and ether. The oil was crystallized with methanol-acetone 
solution and recrystallized from a hot ethanol-methanol solution. 
Thiamine-lfto Monophosphate
Yield; 0.70 g, (93 percent) m.p. 203-205°
Analysis;
C12H17D2N4°4SC12P2H2° 'Calculated: c> 33.64; N, 13.08, H, 5.14
Found: C, 33.72; N, 13.54, H, 4.95
Spectra; PMR 10
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Thiamine 2d2~ Monophosphate 
Analysis:
^12H17D2N4^^'^2Ca^cu'Late^: 34.36; N, 13.36, H, 5.01
Found: C, 34.19, N. 13.27, H, 5.18
Spectra: PMR 11
N. Preparation of 3-Benzyl-4-(2-hydroxyethyl)thiazolium Chloride
Benzyl chloride (20 g, 0.15 mole) was refluxed in 2-butanone 
Kith 4-methyl-5-(2-hydroxyethyl)thiazole (20 g, 0.14 moles) until 
an oily layer settled out which crystallized on cooling. The crystals 
were washed several times with ether and recrystallized from ethanol.
Yield: 25 g, (62 percent); m.p. 243-245°
0. Synthesis of 3-Benzyl-5-(2-Hydroxyethyl)thiazolium Bromide
Monophosphate Djsodium Salt
3-Benzyl-5-(2-hydroxyethyl)thiazolium chloride (5 g, 0.014 
moles) was dissolved in the phosphorylating reagent (30 g), stirred 
until the evolution of hydrogen chloride ceased and heated overnight 
at 72°. The resulting oil was dissolved in a minimum amount of water 
and diluted with absolute alcohol (75 ml). A heavy oil separated 
upon the addition of absolute ether (200 ml). The oil was dissolved 
in IN hydrobromic acid (50 ml), brought to a boil and evaporated 
to dryness under reduce pressure.
The oil was dissolved in hydrobromic acid (2 ml, 48%), 
diluted with absolute alcohol (50 ml) and separated out with anhydrous
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ether (200 ml). The procedure was repeated until the supernatant 
gave a negative phosphate test. Absolute alcohol (50 ml) was added 
and evaporated three times. The oil was kept under a vacuum overnight. 
The oil was dissolved in water (50 ml) and the pH adjusted to 6.8 with 
IN sodium hydroxide. The water was evaporated to a small volume and
acetone (100 ml) was added. An oil settled out leaving a cloud super­
natant which was decanted. The oil was dried by the evaporation of
absolute alcohol until a crystalline product formed. The crystals 
dried overnight at 80° in a vacuum, m.p. 70-75°. The crystals were 
then vacuum dried at 100° for two days to a consistent melting point 
m.p. 110-115°C
Yield: 4 g; (51 percent)
Analysis:
C H NO SPNa Br2H 0— Calculated: C, 32.91; N, 2.95, H, 4.01
ij lj 4 ~
Found: C, 33.13; N, 2.84, H, 4.35
Spectrum; PMR 12
P. Synthesis of Disodium 4-Methyl-5-(2-Phosphoethyl)thiazolium
Bromide
4-Methyl-5-(2-hydroxyethyl)thiazole (2 g, 0.014 moles) was 
heated at 130° for 3 hours with the phosphosylating reagent (10 g).
After cooling the syrup was dissolved in alcohol and separated out 
with anhydrous ether. The brown oil was dissolved in IN hydrochloric 
acid (50 ml) and boiled for 15 minutes. The water was evaporated under
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reduced pressure to a volume of 5 ml which was applied to an ion
exchange column containing a cation resin (Dowex 4 x 80 H+, mesh
200-400). The column was washed with 0.1N hydrochloric acid (500 ml)
and the compound eluded with 2N hydrochloric acid. The acid was
evaporated and the remaining red oil would not crystallize. It was
dissolved in a small volume of water and the pH adjusted to 10 with
sodium hydroxide. The disodium salt was precipitated by the
addition of alcohol. The crystals would not melt below 300° as 
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reported and gave a PMR pattern characteristic of 4-methyl-5- 
(2-hydroxyethyl)thiazole.
Q. The Isolation of Deuterated Thiamine From The Hydrolysis of 
Deuterated Thiamine Monophosphate with Alkaline Phosphatase
Alkaline phosphatase (0.1 g) was added to a sodium carbonate- 
bicarbonate buffer (60 ml, 0.025 moles) at pH 10.00. The 
deuterated thiamine monophosphate hydrochloride compounds (0.1 g,
0.0002 moles) were adjusted in 5 ml of buffer to pH 8 with sodium 
hydroxide before being added to the reaction flask. The reaction was 
allowed to run for 3 hours at 37°. The pH was adjusted to one with 
hydrochloric acid and evaporated to dryness under reduced pressure.
Water (3 ml) was added and the suspended protein centrifuged down. The 
supernatant was streaked on three sheets of Whatman 3M chromatography 
paper (46 x 57 cm) and developed by the descending method for 10 hours in 
85^ propanol. After the chromatograms dried, an inch strip was cut off
and sprayed with a developer (potassium ferricyanide-ethanol-water- 
potassium hydroxide solution). The two strips were pinned together 
and the thiamine band marked by observing the developed strip under 
ultra-violet light. The thiamine band was cut out, then cut up in 
strips two inches wide. The compound was then chromatographed to the 
end of the strip by water and folded into a strip of aluminium foil 
with about an eighth of an inch left uncovered. The paper was 
moistened with water and centrifuged into a centrifuge tube (12 ml).
The solutions were combined, filtered through cotton and evaporated 
on an evapo-mix using an oil pump vacuum. The compound was crystallized 
with ethanol, m.p. 220-233°. After recrystallizing from methanol- 
ethanol solution, tan crystals were obtained, m.p. 235-240°.
The mass spectra were taken to check the deuterium content along
with spectra of the thiamine compounds before they were phosphorylated.
See Table II.
/L Q
R. Preparation of Oxythiamine
Thiamine hydrochloride (4 g, 0.012 moles) was refluxed 6 
hours with concentrated hydrochloric acid (100 ml) and water (100 ml).
The product was evaporated to dryness under reduced pressure and the 
residue redissolved and evaporated with successive (50 ml) portions 
of methanol and ethanol. The residue was taken up in methanol, filtered, 
followed by the addition of ether (150 ml) and allowed to crystallize 
in the refrigerator, m.p. 185-I87°d.
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TABLE II
Mass Spectra Data of Deuterated Thiamine and Thiazole
m/e % 112 113 114 115 143 144 145
A 100 27 4.7 1 1 2.5 100
B 100 28.2 4.3 1 1 2.4 100
C 3.1 29.3 100 32.4 3.1 26.8 100
D 2.9 29.1 100 29.1 2.9 28 100
E 2.6 31.5 100 26.5 2.8 28.6 100
F 100 29 4.7 1 100 7.9 7.9
A = Thiamine 2d2 before phosphorylation
B = Thiamine 2d2 after isolation from enzymatic mixture
0 = 4  methyl-5-(2-hydroxyethyl)thiazole before quatermization' 
D r- Thiamine ld2 after isolation from enzymatic mixture
E ~ Thiamine Id2 before phosphorylation
F - Thiamine hydrochloride
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S. Synthesis of Oxythiamine M o n o p h o s p h a t e ^ *  ^7 a
Oxythiamine (5 g, 0.015 moles) was heated at 80° overnight
with the phosphorylating reagent (10 g). The solution was cooled,
dissolved in water (2 nil), followed by absolute alcohol (50 ml) and
precipitated with anhydrous ether. The residue was dissolved in
IN hydrochloric acid, heated to a boil, and evaporated to dryness.
The residue was dissolved in concentrated hydrochloric acid (1-2 ml), 
diluted with absolute alcohol (50 ml) and precipitated with ether until
a negative phosphate test was given. The product was dried overnight 
at 50°.
Yield; 5 g, (70 percent); m.p. 180-196°
Spectrum:: PMR 13
103T. Preparation of Thiochrome Monophosphate
Thiochrome (2 g, 0.014 moles) was heated overnight at 
70° with the phosphorylating reagent (10 g). The gum was dissolved 
in a minimum amount of water, followed by absolute alcohol (50 ml) 
and separated out by adding anhydrous ether. The ether was decanted 
off and the residue heated to a boil in IN hydrochloric acid. The 
acid was evaporated, followed by the addition of absolute alcohol 
and anhydrous ether. The residue was dissolved in concentrated 
hydrochloric acid (1-2 ml), precipitated with ethanol and the 
process repeated until it gave a negative test for phosphate ions.
Yield: 2.6 g, (80 percent); m.p. 258-260°
Spectrum: PMR 14
U. Preparation of Tetrahydrothiamine-^
Thiamine hydrochloride (5 g, 0.015 moles) was dissolved in 
water (100 ml) at 0° and treated with potassium hydroxide (1.96 g,
0.03 moles). Sodium borohydride (1.3 g, 0.03 mole) was added dropwise 
and stirred overnight and the crystalline product filtered. The 
product was recrystallized from absolute alcohol, m.p. 142-143°.
Yield: 2.5 g (64 percent).
V. The Synthesis of Tetrahydrothiamine Monophosphate Hydrochloride
Tetrahydrothiamine (2 g, 0.006 mole) was heated 6 hours at 
80° with the phosphorylating reagent (10 g). The oil was dissolved 
in water (5 ml), diluted with absolute alcohol (50 ml) and precipitated 
with anhydrous ether. The product was heated to a boil in IN 
hydrochloric acid and then evaporated to a thick oil under reduced 
pressure. The oil was dissolved in concentrated hydrochloric acid 
(1-2 ml), diluted with absolute alcohol (50 ml) and precipitated 
(semi-solid) with anhydrous ether (100 ml). This procedure was 
repeated several times until the supernatant gave a negative phosphate 
test. The product was dried under vacuum.
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Yield; 2.5 g, (73 percent); m.p. 195-197°
Analysis:
Cl2H22N404SPCl*2H20-Calculated; C, 34.28, N, 13.33; H, 6.19
Found: C, 34.34; N, 13.56, H, 6.08
Spectrum: PMR 15
W. Determination of Enzymatic Activity of Alkaline Phosphatase
In a flask, a Na^O^- NaHCO^ (10 ml, 0.05 moles) buffer 
o
was preheated to 37 . The substrates to be hydrolyzed was made up to 
the desired concentration (13 millimolar) and preheated to the 
reacting temperature. The substrate (4 ml) was added to the buffer 
solution followed immediately by the addition of enzyme (1 ml, stock 
solution contain 2 mg of enzyme/ml) with shaking. The reaction time 
was varied from 2 to 30 minutes for different reactions. At the 
desired interval of time, 0.1 ml was transferred to a volumetric flask 
(10 ml), with a syringe, that contained a solution of 2$ ascorbic acid 
in 10$ trichloroacetic acid (1 ml). The color was developed by the 
addition of 1% ammonium molybdate (0.5 ml), followed by 5 seconds shaking 
and addition of a solution of 2% acetic acid-2$ sodium arsenite-2$ 
sodium citrate (1 ml). The color was allowed to develop for 15 minutes 
and diluted to 10 ml with water and read at 820 mu^.
At each pH a second run was made using thiamine monophosphate 
hydrochloride, 3-benzyl-4-methyl-5-(2-hydroxyethyl)thiazolium bromide 
phosphate disodium salt and oxythiamine monophosphate hydrochloride.
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The experimental procedure was the same as above except the compounds 
were allowed to stand in the buffer for one hour before the enzyme 
was added. The results are given in Tables II, III, IV, V, and VI.
X. Synthesis of Ethyl 3-(4--Amino-2-Methy 1-5-Pyrimidijiylmethyl)>r4-
Methylthiazole-5-Acetate10
2 Methyl-5-chloromethyl-6-aminopyrimidine dihydrochloride 
(0.5 g, 0.002 moles) was reacted With ethyl-4-methylthiazole-5- 
acetate (0.5 g, 0.0027 moles) and butanol (1 ml) for 20 minutes at 
115°C. Ethanol (1 ml) was added and crystals precipitated on cooling, 
that was recrystallized from ethanol.
Xie.ld.;. 0.7 g, (70 percent); m.p. 197-199°
Spectrum: PMR 16
Y. 3-(4-amino-2-methyl-5-pyrimidinylmethyl)-2,4-dimethylthiazolium
Chloride-*-0
2-Methyl-5-chloromethyl-6-aminopyrimidine dihydrochloride 
(1 g, 0.004 moles) was heated with 2,4~dimethylthiazole (1 g, 0.009 
moles) in butanol (3 ml) for 3 hours, ethanol (1 ml) was added and 
allowed to cool. A solid compound precipitated.
Yield; 50 mg, (2 percent) m.p. 228-230°
Spectrum: PMR 17
Z. Preparation of 3,4-dimethyl 5-(2-’ Hydroxyethyl)thiazolium Iodide^ 
4-Methyl-5-(2-hydroxyethyl)thiazole was refluxed with 
methyl iodide in 2-butanone until a red oil 'settled out. The oil 
crystallized on cooling. The crystals were filtered, washed with 
ether and recrystallized from ethanol.
TABLE III
The Absorbance Reading x 100 of Various Thiamine Monophosphate and Related Derivatives After 5
Minutes Hydrolysis with Alkaline Phosphatase
1 hour standing in buffer
pH T-P BTP HTP ThP RTP TZP TP BTP HTP
9.12 35 80 41 101 74 184 34 78 63
9.40 39 81 60 164 87 150 39 86 99
9.72 52 72 118 196 199 112 62 66 115
9.90 32 42 93 151 176 64 112 76 139
10.08 48 58 72 133 173 52 150 71 107
10.35 44 41 79 96.5 145 10 125 49 100
TP = Thiamine monophosphate ‘HCl 
BTP = 3 Benzyl 4-methyl-5-(2-phosphoethyl)thiazolium Bromide 
ThP = Thiochrome monophosphate *HC1 
RTP = Tetrahydrothiamine monophosphate .HC1 
TZP = 4-Methyl-5-(2-phosphoethyl)thiazole disodium salt 
HTP = Oxythiamine monophosphate
TABLE IV
Relative Rates as Compared to Thiamine Monophosphate at 5 Minutes
PH
Comp. 9.12 9.40 9.72 9.90 10.08 10.35
TP 1 1 1 1 1 1
BTP 2.38 2.22 1.38 1.10 1.25 0.85
HTP 1.54 1.95 2.38 2.59 1.61 1.90
ThP 3.57 4.55 3.63 3.73 2.93 2.34
RTP 2.50 2.82 3.84 4.75 3.66 3.54
TZP 5.71 4.44 2.21 1.79 1.12 0.34
1 Hr. standing
TP 1 1 1.25 2.95 3.16 3.18
BTP 2.38 2.44 1.38 1.87 1.53 1.10
HTP 2 2.93 2.43 3.73 2.19 1.90
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TABLE S
Rates of Alkaline Phosphatase on Derivatives of Thiamine 
At Various pHs (Lot. No. 81C-7310; Rate = Absorbance x 100
after 5 Minute sT"
pH
Comp. 9.50 9.85 10;00 10.20
TP 38 38 66 49
BTP 107 86 79 34
HPT 81 138 142 100
1 Hour in buffer
TP 46 102 141 155
BTP 106 104 95 46
HTP 84 137 131 112
TABLE VI
Relative Rates of Hydrolysis of Non-Thiamine Compounds 
to Thiamine Monophosphate with Alkaline Phosphatase
Compound Compound/TP
Thiamine monophosphate 1
4-methyl-5-(2-phosphoethyl)thiazole 1.4
p-Nitrophenyl phosphate 7.5
Pyridoxal phosphate 5.5
Pyridoxamine phosphate 4.3
Yield: (50 percent); m.p. 84-86°
Spectrum: PMR 22
t
A . The Buffering of Thiamine and Thiamine Derivatives for PMR Studies
The buffer was prepared by adjusting a bicarbonate buffered 
solution to the desired pH and evaporating the water at low temperature 
under reduce pressure to the dry powder. The buffering powder (100 mg) 
was dissolved in w&ter (3 ml) to recheck the pH. If the pH tdhecked 
close enough to the 'desired pH, a small portion was dissolved in 
deuterium oxide and evaporated to dryness. The disodium salt of thiamine 
monophosphate and 3-benzyl-4-methyl-5-(2-phosphoethyl)thiazolium 
bromide (100 mg) was added directly to the buffering powder (150 mg) 
followed by deuterium oxide (1 ml). The pH of all other derivatives 
was adjusted to approximately pH 8 with sodium hydroxide-d before the 
dry buffer was added. After the spectrum was run, the content was 
transferred to a test tube, diluted to (3 ml) with water and the pH 
recorded. The pH was usually in a close range rather than at a 
specific point. The specific pH is given on the spectra that was 
checked on the pH meter (PMR’s 13, 16-21). The pH in some cases were 
adjusted to approximately 13-14 with concentrated sodium hydroxide-d.
The spectra of thiamine, oxythiamine, 3-benzyl-4-methyl-
5-(2-phosphoethyl)thiazolium bromide, thiamine monophosphate disodium 
and 3, 4-dimethyl-5-(2-hydroxyethyl)ithiazolium iodide were run in water 
made basic with sodium hydroxide (NaOH), (PMR’s 27-32).
3-Benzyl-4-methyl-5-(2-hydroxyethyl)thiazolium chloride was hydrolyzed 
in a solution of potassium hydroxide-water (H2O) and potassium 
hydroxide-methanol (PMR’s 33, 34). See Table VII for spectra 
separation of the various AB patterns.
TABLE VII
Spectra Width of Separation of AB Patterns and Conditions
Compounds V1-V2 of Methyl 
Proton
V1-V2 of Formyl 
Proton
V1-V2 Ring Proton 
of Pyrimidine
Experimental
Conditions
3-benzyl-4-methyl-5-(2- 
hydroxyethyl)thiazolium 
chloride
3-benzyl-4-methyl-5-(2- 
hydroxyethyl)thiazolium 
chloride
Thiamine monophosphate
3-benzyl derivative
Oxythiamine
Oxythiamine monophosphate 
Oxythiamine monophosphate
3.4-dimethyl-5-(2- 
hydroxyethyl)thiazolium
chloride
3.4-dimethyl-5-(2—  
hydroxyethyl)thiazolium
chloride
2 cps
8 cps
3 cps
8 cps
10 cps
9 cps
11 cps
8 cps 
3 cps
6 cps
6 cps
3 cps 
0
8 cps
9 cps
7 cps
4 cps 
0
2 cps
7 cps 
5 cps 
5 cps
KOH - H20
KOH - MeOH 
NaOH - H2O 
NaOH - H2O 
NaOH - H20 
NaOH - H20 
KOH - MeOH
KOH - MeOH
H2O - NaOH
- H2O
#See Spectra
*The chemical shifts vary with condition of preparation
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B • P NMR Results of 3-Benzyl-4-Mcthyl-5-(2-phosphoethyl)thiazolium
Bromide
Deuterium oxide was added to 3-benzyl-4-methyl-5-(2- 
phosphoethyl)thiazolium bromide disodium until it form a sirup.
This was taken as neutral conditions. For basic conditions the 
compound was made up from a saturated solution of NaOD in deuterium 
oxide.
PH Assignment (ppm from H3PO4)
Neutral -1
Basic -4.3
The PMR spectrum was run to verify the form of the compound
being studied.
1
C . Oxidation of Thiamine with KI and I2 and Hydrolysis with
Alkaline Phosphatase^
Thiamine monophosphate (0.1 g) was adjusted to pH 10.5 with
a bicarbonate buffer. A solution of potassium iodide and iodine was
added until the color slowly disappeared. To the reaction mixture was 
added alkaline phosphatase (50 mg) which was allowed to react 30 minutes. 
The solution was spotted on paper, and compared to a standard made up
under identical conditions with the thiamine disulfide and thiamine.
The chromatogram was identical with the exception of a thiamine 
monophosphate band.
D * * Tbe Detection of the Oxidation of the Sulfhydryl Group with PMR
Spectroscopy Under Basic Conditions
The pH of thiamine monophosphate and 3-benzyl-4-methyl-5- 
(2-phosphoethyl)thiazolium salt was adjusted in a NMR tube with NaOD to
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give the 4wiiot.hyl thiazole peak at 1.67, 1.80 and 1.4, I.56 ppm
respectively. A solution of potassium iodide and iodine was added with 
the spectra being taken at different intervals during the addition. These 
spectra showed the methyl peak clearly disappearing but the resolution 
was not good enough to make an assignment to the appearance of a 
new methyl peak.
The oxidation of thiamine monophosphate was also attempted
by bubbling air through the basic solution. After 48 hours there was
an unresolved peak at 2.26 ppm that had approximately the same height
as the peak at 1.80 ppm.
!
E . Attempted Synthesis of Thiamine Thiazolone Monophosphate
Thiamine thiazolone (5 g, .01 moles) was heated 12 hours with 
the phosphorylating reagent (20 g) at 75°C. The mixture was dissolved 
in a minimum amount of water and absolute ethanol (50 ml) was added.
Ether (150 ml) was added and a heavy oil settled out. The solvent was 
decanted off and the oil was washed 3 times with ether (50 ml). The 
oil was dissolved in IN HC1 (100 ml) and heated to a boil (the 
procedure was also carried out with HBr). The acid solution was 
removed under reduced pressure and a dark red oil was obtained. 
Concentrated hydrochloric acid (1-2 ml) was added, followed by 
absolute ethanol (50 ml) and anhydrous ether (200 ml). The solvent 
layer was decanted and the procedure was repeated several times. The 
product could not be crystallized and the amount of inorganic phosphate 
could not be lowered enough to use the oil as a substrate.
f
*' . Attempted Synthesis of 3,4-dimethyl-5-(2-phosphoethyl)thiazolium
* Salt
The general procedure used in the attempted preparation of 
thiamine thiazolone monophosphate was used. The resulting oil could 
not be crystallized and turned black before enough inorganic phosphate 
could be removed to make a suitable substrate.
Ill. DISCUSSION
The mechanisms that have been proposed for thiamine are
based primarily upon model systems. The C-2 position of the thiazolium 
nucleus has been verified as the center of activity but the catalytic 
function of the amino group still remains obscure. Although several 
thiazolium compounds have been investigated, none catalyzes the 
decarboxylation of pyruvic acid as well as thiamine. The superiority 
of thiamine over its analogues has been attributed to the electron- 
withdrawing inductive effect exerted by the 4-aminopyrimidine 
nucleus^®. Sykes’^"'7 and workers attempted to evaluate this proposed 
effect by testing 6-methylthiamine (XXVII) and 3-(4-amino-2- 
methylpyrimidyl-5-ethyl)-4-methyl-5-(2-hydroxyethyl) thiazolium chloride 
(XXVIII). The activity was 22$ and 67$ of the activity of thiamine,
respectively. This result led these investigators to question the 
validity of the inductive argument. Some of the<other attractive 
theoretical possibilities put forth are the pyrimidine 4-amino group
Figure 28
♦
(XXVII) (XXVIII)
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may assist in the formation of the zwitterion, or it may influence a
117,117b
latter stage an the reaction . In addition, Maier and Metzler
suggested that the tricyclic form of thiamine may be an important
intermediate. The concept that the tricyclic form of thiamine may
have significant biological importance is still one of the more
attractive agruments to explain the function of the aminopyrimidyl 
moiety.
Since the model system studies of Metzler and others were 
unsuccessful in evaluating the significance of the tricyclic form 
(XXIX^ it was proposed that an enzymatic probe might reveal the 
importance of the tricyclic form. Calf mucosa alkaline phosphatase 
was chosen to be the probe. This enzyme was chosen for two reasons:
(1) it is nonspecific; however, the relative rate of hydrolysis of 
alkyl phosphates depends upon the structure of the substrate, and
(2) it is active in the pH range of 8-10 which is the range in which 
the tricyclic form of thiamine is believed to be present (Figure 29).
Figure 29
C H , ^ N  'V*nh» ^h o  s~
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Thus a comparison of the rates of hydrolysis of thiamine monophosphate 
and related thiazolium phosphates may afford information on the 
reactive species, in general, and perhaps information on the existence 
of the tricyclic form, in particular.
The monophosphate derivatives of thiamine, tetrahydrothiamine,
thiochrome, oxythiamine, thiazole and 3-benzyl~4-methyl-5-(2-hydroxy~
62ethyl)thiazolium chloride were prepared by standard procedures 
All of the compounds crystallized except for the benzyl thiazolium 
phosphate (XXXIII). The 3-benzyl-»4-methyl-5-(2-phosphoethyl)thiazolium 
bromide (hereafter referred to as the benzyl derivative) was adjusted 
to pH 6.8 to form the disodium salt of the phosphate, and used without 
further purification. The elemental analyses, and the chemical shift 
of the methylene hydrogens on the side chain of the thiazole moiety, 
clearly shows that the phosphates were prepared. The methylene 
hydrogens on the 2 position of the thiazole side chain of the 
phosphorylated derivatives were split into a quartet and shifted 
downfield by 0.12 to 0.15 ppm. The differences in the bhemical shifts 
between the phosphorylated and nonphosphorylated derivatives are listed 
in Table VIII.
The phosphate derivatives" were then hydrolyzed at various
84
pH's between 9.1 and 10.35 with alkaline phosphatase. Nath and 
Ghosh used a similar technique in the study of the effect of structure
^See Table IK, p. 78, for-the structures of these 
derivatives.
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TABLE V I I I
The Chemical Shift Difference (V, in ppm) Between Methylenes of 
Various phosphorylated and Non-phosphorylated Derivatives of Thiamine
Compound
Thiamine
3-Benzyl-4-methyl-5-
(2-hydroxeythyl)thiazolium 
bromide
Oxythiamine
Thiochrome 
Tetrahydrothiamine
4-Methyl-5-
(2-hydroxyethyl)thiazole
Non-Phoshorylated. Phosphorylated 
v V
0.70 0.87
0.72 0.80
0.72 o.93
■JH!-
-XX 0.93
1.75* 1.90
0.80* 0.93
“■Obtained in CDCl-i 
;H:Insoluble (No Spectrum)
68
on the rate of hydrolysis of substituted phenyl phosphate with acid 
and alkaline phosphatases. It has been shown that small structural
changes can cause variation in the absolute rates of hydrolysis by
11 t  v. u * 72,73,85alkaline phosphatase .
In these experiments each substrate was added to the buffer, 
and immediately followed by addition of the enzyme. The rate of 
hydrolysis was recorded at 1 minute intervals over a four minute 
period for several derivatives at pH’s 9.1, 9.7, and 10.0. The results 
are given in graphs 1-10 which show the influence of pH on the rate of 
hydrolysis of thiamine monophosphate and thiazolium monophosphate 
derivatives. Other relative rate data were obtained by taking one 
reading per run at a given time interval. The rate (micromoles of 
phosphate/ml vs time) deviates slightly from a straight line. This 
deviation can be explained by product inhibition by the released
99
phosphate. Work done by Morton shows that disodium phosphate 
inhibits calf intestinal mucosa alkaline phosphatase up to 25%.
The enzymatic data indicate that thiochrome monophosphate 
and thiazole monophosphate are readily hydrolyzed by alkaline 
phosphatase over a subtantial pH range of 9.12 - 10.08. Thiamine 
monophosphate, the benzyl derivative and oxythiamine monophosphate, 
however, are slowly hydrolyzed over the entire pH range of 9.12 - 
10.35, and these substrates are especially hydrolyzed at a slow rate 
in the pH range of 9.12 - 9.40. Tetrahydrothiamine monophosphate 
is also slowly hydrolyzed in the pH range of 9.12 - 9.40, however,
GRAPHS 1-2
The Rate of Hydrolysis of Thiamine Monophosphate and the 
Benzyl Derivative at pHs 9.10 and 9.70
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GRAPH 3
The Rate of Hydrolysis of Tetrahydrothiamine Monophosphate and
Thiochrome Monophosphate at pHs 9.1 and 9.70
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GRAPHS 4-5
The Rate of Hydrolysis of Tetrahydrothiamine Monophosphate and
Benzyl Derivative pHs 9.10 and 9.70
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The Rate of Hydrolysis of Benzyl Derivative with and without 1
hour incubation at pHs 9*7 and 10.00
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The Rate of Hydrolysis of Thiamine Monophosphate with and without
1 hour incubation at pHs 9.7 and 10.00
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The Hydrolysis of Thiazole Monophosphate at pHs 
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74a
GRAPH 10
100
90
80
70
60
_• 50
40
CL
m
° 30
CL
k4—
20
Time in Minutes
®  =Thiazole monophosphate
75
it is rapidly hydrolyzed at 9*72 and in fact, hydrolyzes as fast 
as thiochrome monophosphate at this pH (See Table IX). The rate 
goes from a minimum at pH 9*1 through a maximum at 9.72 and returns
t
to a minimum at 10.35. The relative increase in the rate of hydrolysis 
at pH 9*1, 9*4 and 9.7 are 1, 1.6, and 1.9 for thiochrome monophosphate 
and 1, 1.1 and 2.7 for tetrahydrothiamine monophosphate (XXXI). Since 
the rate enhancement is in the pH area of 9*7, which is the pK area 
for tertiary amines^, it was proposed that the free amine is the 
substrate for the enzyme.
Figure 30
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CH.
This argument is attractive because it can also readily 
explain the relative slow hydrolysis of the thiazolium compounds, 
since they have an electropositive center in the thiazolium nucleus. 
In order to investigate this proposal, a second rate series was 
conducted. In this study, the substrates were allowed to stand in
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the buffer for one hour in the absence of the enzyme. After this 
time, the phosphatase was added and the rate determined. In the 
pH range of 9-12 -* 9.40, the incubation period had little effect on 
the rates of hydrolysis of thiamine monophosphate, benzyl derivative 
and oxythiamine monophosphate. However, at 9-72 - 9.90, thiamine 
monophosphate and oxythiamine monophosphate show substantial rate 
enhancement. Thiamine monophosphate has optimum activity at 10.08 
and oxythiamine monophosphate has optimum' activity at 9.90. The benzyl 
derivative, however, shows only a small rate enhancement on standing, 
and in fact hydrolyzes at almost a constant rate over the pH range 
of 9.12 - 10.0. These results suggest that thiamine monophosphate 
and oxythiamine monophosphate are being converted into a thiazoline 
derivative (ylid, pseudo-base, etc.) which is the favored substrate 
for the enzyme. The lack of rate enhancement of the hydrolysis of the
benzyl derivative suggests that the thiazoline moiety is not produced 
in an appreciable amount in this pH range. This was investigated 
further by means of PMR.
The PMR spectra do not show any new peaks after the substrate 
has stood in buffer that might indicate the formation of the ylid 
(XXXII) or the pseudo-base (XXXIV). The pseudo-base or ylid may be 
formed, but in concentrations too low for detection by PMR. The 
concentration is probably low since the rate increase with standing
range between 1.8 and 1.1 at pH 9-9 and pH 10.35, respectively. The 
decrease at high pH's indicates that the equilibrium is reached almost 
immediately with the concentrations of the dliferent forms in the
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Figure 31
S'wCHtCHjQP S^CHjCH/JP
(XXXII) (XXXIII)
OH
CHO S"
S-s-^CHjCHjOP
'XXXIV)
reacting mixture being about the same, before and after standing a
of being formed in his deuterium exchange work on thiamine derivatives 
at pH's much lower than 9.0, although the pK is in the range of 18-20. 
The ylid was dismissed as the species causing the rate variation 
because: (1) the enzymatic results do not show any change upon
standing at pH's less than 9.00, (2) the PMR spectra of the buffered 
compounds do not show any changes with time below 9.7 and (3) the 
deuterium exchange at the C-2 carbon of the thiazole moiety is too 
fast to measure.
action as the other substrates; at pH 9.12 through 9.40, the rate of 
hydrolysis is essentially the same before and after standing in the
hour in buffer. Breslow^ showed that the ylid is formed or capable
Thiamine monophosphate has the same trend toward enzymatic
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TABLE IX
pH Optimum for Rate of Hydrolysis of Thiamine Derivatives 
Thiamine Monophosphate
m -h h > s w CHjCHjOP
h3Cvi^ n v nh’ r ¥^  I f  *
"^ CHj
3-Benayl-4-niethyl-5-(2-phosphoethyl) 
thiazolium bromide (benzyl derivative)
(TST ‘
N —
a r f S y C H A O P
c h , 4  - V
Thiochrome Monophosphate
S v^CH.CHjOP
Tetrahydrothiamine Monophosphate
H,CN|o N S A c HjCHjOP
H
Thiazole Monophosphate
Sv^CHjCHjpP
D C CH,
pH
9.72
9.40
9.72
9.72
9.10
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TABLE IX (CONTINUED) 
Oxythiamine Monophosphate
H , C ^ N  Y °H ^  S "jv^CHjCHjOP
^ CHj
Thiamine Monophosphate Equilibrium Mixture 
(Figure 32)
Oxythiamine Monophosphate Equilibrium Mixture 
(Figure 33)
Benzyl Derivatives Equilibrium Mixture 
(Figure 31)
9.10
10.08
9.90
9.85-^9.90
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buffer. The rate at high pH’s is slightly higher; but this probably 
includes some of the more reactive intermediates (Figure 38), since 
the trend for all the other substrates is down. Therefore, the rate 
at this PH will be used for comparing the others. On standing in 
buffer at pH 10.08, the hydrolysis of thiamine increases to a maximum 
of 4.8 fold.
In an effort to identify the reacting species, the PMR spectra
were taken over a range of pH values. These spectra show that, below
9.7, thiamine monophosphate exists in the neutral form (XXXVI) although
other undetected equilibrium forms could be present (See Figure 32).
Above pH 9-7 there is an equilibrium set up between thiamine,
dihydrothiochrome (XXXIX), the yellow form (XXXVII), and the thiol form
(XXX), forms XXXIX, XXIX, and XXXVIII are assumed since no new peaks
appear in the PMR that could be assigned to these forms.
Evidence that supports the tricyclic form is that, in basic
solutions, thiamine is readily oxidized to thiochrome. In addition,
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Metzler showed that form (XXXIX) decays to the thiol (XXX) and the 
neutral forms (XXXVI) of thiamine. When the PMR spectra are taken over 
a period of time the methyl group signal of the thiazole moiety can be 
seen disappearing at 2.49 ppm and a new signal appears at 1.7 ppm
(PMR 20-20b). In the spectra of the benzyl derivative, between pH 9-1 -
10.30, there is no indication that a hydroxyl ion is adding to form the 
pseudo-base; but, the 1.8 fold increase in the rate of hydrolysis upon 
standing in buffer, at pH 9*90 indicates that some kind of structural
XXXVI
RV ^ N — NH
XXXIX
CH-CH.OP
N — !
XXIX
I
CHjCH2OP
XXXVII
“OH
y v NH* ?H0 f   _______ V Y V "  f
N< ^ C H r ^ - p CHICH2OP ------------------  bHj<CH,CH,OP
R
XXX XXXVIII
o
II
P =  —p —o ' 
0_
Figure 32 00t-1
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change is taking place, and the formation of the pseudo-base appears to
be the most likely candidate. Since the thiazole moiety of the benzyl
derivative does not hydrolyze until the pH is approximately 10.70, it
seem highly unlikely that the pseudo-base of thiamine monophosphate
would open up at one lower pH unit. This supports the proposal of Maier 
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and Metzler that the amino group adds across with the simultaneous
loss of a proton to yield the tricyclic form of thiamine (XXXIV). It
is proposed that the tricyclic form opens to the yellow form (XXXVIII)
which rapidly adds water and hydrolyzes to the thiol form.
From the PMR study of thiamine monophosphate under alkaline
conditions, the predominant intermediate after standing was concluded
to be the thiol form (XXX). The rate of hydrolysis of the thiol form
is much greater at pH 10.00 than that of the benzyl derivative or
oxythiamine monophosphate. This is the expected result since the thiol
form has a negative charge which should be attracted to the positive
center in the active site and should hydrogen-bond better than the
pseudo-base of the benzyl derivative or the tricyclic form of
oxythiamine monophosphate. The exact form of oxythiamine monophosphate
is not known at pH 10; but, it is assumed to be either XLI or XLII
(Figure 33), which is equivalent to having a net zero charge on the
structure. Although the rate increase is substantial, it is less than
tetrahydrothiamine monophosphate; whereas, if the production of the
negative charge was all that was involved, the rate should be greater,
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since tetrahydrothiamine has a neutral structural backbone. Nath in
the study of tie id phosphatases got an abnormally low rate of hydrolysis
for p-methoxyphenyl phosphate and attributed it to hydrogen bonding
between the substrate and enzyme that retarded the release of the
molecules. This could possibly explain certain discrepancies in the
rate of hydrolysis of the thiol form of thiamine and tetrahydrothiamine.
Oxythiamine monophosphate is comparable with thiamine
monophosphate in reactive trends with an optimum pH at 9.72. The rate
of hydrolysis of oxythiamine monophosphate is only 1.1 times that of
thiamine monophosphate at pH 9*1 and 2.2 at pH 9.72 before the overall
rate begins to decrease with increasing pH. On standing for an hour,
the rates were equal or higher at all pH values. If the rates are
related to structure, the assessment would be that oxythiamine phosphate
is in the hydroxyl form, XL and dissociated to oxy-anion XLI.
The constant rate of hydrolysis at pH 9.70, before and after
standing a hour in the buffer, shows that the equilibrium is formed
instantly. The anion is reported to be formed at pH 8.59 on
21
4-hydroxypyrimidine although the enzymatic results suggest only small
amounts of the anion at 9.1» which is quite reasonable since the molecule
already has a di-anion present. On standing, the rate trend suggests an
equilibrium is set up between the oxy-anion XLI and the tricyclic form 
49
XLII. Breslow suggested this tricyclic form of oxythiamine as an 
explanation of why oxythiamine does not act as a catalyst for the 
benzoin condensation. As the pH increases from 9.1 to 9*7 the rate of 
hydrolysis of oxythiamine monophosphate increases three-fold; whereas, 
that of thiamine monophosphate shows a 1.1 fold increase. When compared
(XL)
RV ^ N'V'°~ ^ S v ^ C H X H j O P
r j : „ o '
R"r^N 'V'0” ^  s N^CH.CH.OP
“OH
(XLI)
“T ^ i f 0  T °  X
NC V ^'CH2'^ 'N — Y ^ C H , C H 2(
Sj p CHzCH«° P
(XLII)
i
= - * C O  JOP OH -HjCHjOP
(XLIIl)
R =  CHr. P =
0
II
-P-0"
1
0.
Figure 33
to tetrahydrothiamine, whose rate increase is 2.8 fold, it becomes 
apparent that the compound exists in the oxy-anion (XLI) or the tricyclic 
form (XLII) of oxythiamine. When the absolute rate of oxythiamine is 
compared to that of tetrahydrothiamine or thiochrome at pH 9*72, their 
optimum pH, its relative rate is approximately 60fo of their rate. Thus, 
it is conceivable that the oxy-anion is the major component of the reaction 
mixture. If the oxy-anion is present, it would also possess a positive 
charge at the quaternized nitrogen in the thiazole ring. There is no way 
to quantitatively analyze the effect on rate, since the addition of a 
negative charge would represent only a third of the negative charges on 
the molecule. Since this is the case, the rate increase would not be 
expected to be as great for a molecule with two or three negative charges 
and no positive charges. Some of the rate differences could be due to 
hydrogen bonding or some other electrostatic interaction that retards the 
release of the hydrolyzed products, thereby slowing down the rate.
However, the rate increase which is observed after standing could be due 
to the formation of pseudo-base (XLIII) of oxythiamine. This form was 
eliminated as one of the reactive forms in favor of the tricyclic form. 
Since the oxy-anion is formed, it should add much more rapidly (external 
vs. internal) than the hydroxyl ion. This is partially based on the 
evidence that thiamine monophosphate adds the amino group across and 
opens up to the thiol form at relatively low pH values. Oxythiamine 
monophosphate does not;open up under the same condition as thiamine 
monophosphate, as proved by the PMR spectra (PMR's 13-13b) which do 
not show any new peaks in the pH range of this study. The opening of
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the tricyclic form to the thiol form would be competing with the 
oxy-anion. The stability of the intermediates XLV of thiamine vs 
intermediates XLIV of oxythiamine is responsible for tricyclic thiamine 
opening to the thiol and oxythiamine to the oxy-anion (XLI, Figure 33).
Figure 34
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When the pH is raised, the hydroxyl ion does compete with 
the oxy-anion in adding to the thiazole moiety as verified by the opening
of the thiazole moiety of oxythiamine into the thiol form at pH 10.70 
(PMR 13b, Figure 33). The spectra show that an equilibrium is set up 
since oxythiamine monophosphate cannot be completely open at pH 10.70 
but is open at pH 11.00.,
Although 4-methyl-5-(2-hydroxyethyl)thiazole makes up one 
half of the structure of thiamine, enzymatically it is not a represent­
ative substrate at pHs above 10.00. It is interesting to note that the 
maximum rate of hydrolysis is below pH 9*1 and at pH 10.30 the rate
is negligible after 5 minutes. When comparing thiamine monophosphate 
to the non-sulfur containing phosphates, the rates of hydrolysis of 
the non-sulfur containing compounds are on the average, 5.5 times faster 
than thiamine at pH 10.00. This could be related to the thiazole system 
complexing with the metal at the active site, since the -N=C-S-group 
is a rich electron source, or the sulfur could be repulsive to the 
sulfur at the active site of the enzyme.
In an effort to relate the enzymatic activity to the reactive 
form produced in basic solution, the substrates were buffered at 
different pH's between 8.50 and 10.70, and the PMR spectra were run.
The higher pH's were estimated, since strong sodium hydroxide-d- 
deuterium oxide solution was used to make the compounds basic.
Thiamine monophosphate was the only substrate that gave a
major change in PMR spectrum in the range of pH's where the enzymatic
study was performed. Thiamine monophosphate began to change at a pH
slightly higher than 9.7. The PMR signals of thiamine monophosphate
are relatively independent of pH up to a point, where upon, it starts
undergoing reactions and structure changes. These structure changes
are reflected by a shifting of all signals to a slightly higher field.
The intensity of the new signals increases with time. The methyl of
the pyrimidine ring shifts from 2.61 to 2.44 with the proton signal
changing from one line at 8.14 to two lines, one at 7.97 and a weak
line at 8.07 ppm. Concurrently the methyl signal of the thiazole
ring shifts from one line at 2.49 to a major line at 1.71 and a minor 
line at 1.59 ppm. The intensity of the signal at 1.59 ppm is
Figure 35
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(XLVII)
approximately 5 or 10f0 of the signal at 1.71 ppm.
It was first felt that the PMR signals at 1.71 ppm were due
to a NO-ketal (XLVI), which could have been formed via an intramolecular
cyclization as reported by Risinger and Hsieh^. a similar ketal
(XLVII) which has a group of signals in the same region has been
synthesized by the sodium borohydride reduction of thiamine. A mod-1
was proposed whereby the phosphate cyclizes to form the NO-ketal
(XLVIIl) similar to that formed in the cyclization of the hydroxyl
group of thiamine. A tentative explanation of the anomalous appearance
of the second signal at 1.59 ppm was ascribed to the cyclization from
both above and below the plane of the thiazole ring. The ideal case
is the spectrum (PMR 1) of 2-acetylperhydrofurothiamine (XLIX) reported
Figure 36
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in the study of the isomerization of 2-(l-hydroxyethyl)thiamine
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hydrochloride (HET) by Risinger and Gore . The two line signal is 
ascribed to the thiazole methyl group being in two environments caused 
by the acetyl group being above and below the plane of the ring. In
89
Figure 37
(XLIX)
the spectrum (PMR 2) of 2-benzoylperhydrofurothiamine (L), there is one 
methyl signal at 1.70. The explanation for the difference is that the 
phenyl group is forced to occupy a position opposite the cis fur an ring 
because of its size. The size of the acetyl group in 2-acetyl- 
perhydrofurothiamine cannot force the stereochemistry. Since thiamine 
(PMR 20b) and thiamine monophosphate give the same characteristic 
spectrum, a model was constructed by adding in hydroxyl ion to the 
cyclized product (Figure 38) of thiamine or thiamine monophosphate.
Figure 38
The cyclic phosphate ester model (XLVIIl, Figure 37) was eliminat­
ed by the phosphorus magnetic resonance spectra of the benzyl derivative.
The phosphorus chemical shift was -1 ppm under neutral conditions and -4.3
87ppm under basic conditions. Crutchfield points out that raising the
acidity causes a positive chemical shift, with ortho and chain 
phosphate, of 2 to 3 ppm. If the phosphate had formed the ring, a 
positive shift up field between +2 and +4 ppm could have been 
expected in accord with other similar phosphates.
Based on PMR’s 1 and 2, and the elimination of the phosphate 
ester model, another model was constructed by adding hydroxyl ion at 
the two and four positions of the thiazole ring to form a structure 
like LI (See Figure 39)• This could theoretically give a methyl 
group in two environments.
Figure 39
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Forms LI were discarded when the addition of strong base did 
not change the appearance of the PMR spectra. Doubt was cast on the 
open form by the fact the pH had to be adjusted to 10.70 before 
oxythiamine monophosphate or the benzyl derivative begin to open, and 
a pH above 11 was required for complete opening (PMR's 13a, 13b). The 
simple benzyl derivative (without the phosphate) showed an appreciable 
amount of opening at pH 10.25. There is some question, however, about 
the validity of this pH because the compound becomes insoluble under 
these conditions. These spectra showed a different appearance from 
thiamine monophosphate in that the methyl group of the thiazole ring 
in the benzyl derivative shifted from a single line at 2.47 into two
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lines at 1.60 and 1.39 ppm. Oxythiamine monophosphate shifted from 
2.55 to 1.81 and 1.59 ppm. These peaks are in approximately 50-50 
ratio according to peak heights.
The spectra of 0-acetyl-thiamine, 4,5-dimethyl and 
2,4-dimethyl-3-(2-methyl-4-amino-5-pyrimidinylmethyl) thiazolium 
chloride and ethyl 4-methyl 3“ (2-methyl-4-amino-5-pyrimidinylmethyl) 
thiazole-5-acetate showed identical line patterns for the methyl group 
of the thiazole moiety and the number 4 proton of the pyrimidine ring 
(PMR's 16-22). These spectra clearly show that the signals in the 
1.70 ppm region are formed at the expense of the signal of the 4-methyl 
group on the thiazole ring which appears in the 2.50 ppm region. The 
spectra of these compounds give added evidence against the NO-ketal, 
since they do not have a hydroxyl group.
From the proceeding data it was concluded that the derivatives 
were in the thiol form. Attempts were made to oxidize the thiol group 
of thiamine monophosphate and the benzyl derivative to the disulfide 
by bubbling air through the PMR tube and by using potassium iodine 
solution. The air oxidation was very slow; but the iodine method was 
easily mmitored by the decrease of the methyl signal at 1.71 and the 
appearance of a peak at 2 ppm. The spectra, however, were very crude 
with poor resolution.
The thiol form was verified by the isolation of thiamine 
disulfide after allowing alkaline phosphatase to hydrolyze the 
phosphate of thiamine monophosphate disulfide (Figure 40). The 
spectra of the phosphate derivatives of thiamine, oxythiamine, and 
benzyl were taken in water (f^O) and with the exception of the benzyl
Figure 40
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-derivatives, all showed two formyl proton signals up field between 
8-9 ppm (PMR's 27-32). The double line signals in the spectra 
for the formyl protons can be attributed to two isomers induced by the
restriction of rotation around the formyl group.
The spectra of thiamine and related derivatives can be 
explained only by using restricted rotation of the N-C bond of the
amide, which imparts nonequivalence to the groups that give rise to the
two line signals under basic conditions. Although numerous publications
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have appeared reporting the nonequivalence of amides , this is the 
first case reported of nonequivalence of an amide generated in a water 
solution. This report also represents the first accounts of amides 
with one to four negative charges inherent in the molecules.
To clarify the discussion, a general review of the conditions 
for nonequivalence will follow. The most important of these conditions
is tluit there must not be any symmetry operation caused by molecular
motion that occurs in a shorter time than the PMR signal width. The.
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symmetry operations are the same as those for stereochemistry . Two 
other conditions that cannot be quantitatively stated are: (1) the
environment must cause a field gradient between the proton and (2) there 
must not be any rapid internal molecular motion that produces an 
approximation of symmetry that is good enough to prevent the obser­
vation of nonequivalence. The rotation of some ortho substituted 
biphenyls is an example of achievement of approximate but incomplete 
symmetry.
The nonequivalence of amides arises from the electron
delocalization through the nitrogen and carbonyl, imparting substantial
double bond character within the molecule as illustrated by LII,
(Figure 41). This is reflected in the relatively large energy barrier
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of rotation as observed in the PMR studies of many amides . This
barrier allows the detection and, in some cases, the separation of
90
cis-trans isomers . The amide of thiamine derivatives is produced 
by the reaction with base as discussed earlier in this paper. The 
reaction of thiamine monophosphate (Figure 42) is representative of all 
derivatives used in this PMR analysis.
R 2 \  4
Figure 42
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In this disucssion, the structure in which and R2 are on 
the same side will be referred to as the trans forms, and the structure 
which has R-^  and R^ on the same side will be the cis form (See Figures 
43, 45).
The conformation assignments are based on the pattern observed 
in the shift of the methyl protons on the pentenyl substitutent (R2) and 
formyl proton (R-^ ) when R3 is changed from methyl, aminopyrimidine, 
hydroxypyrimidine, and benzyl.
When R3 = Me and aminopyrimidine. (thiamine monophosphate), 
the thiazole methyl peaks appear at 2.03 and 1.71, respectively; and a 
corresponding minor peak appears at approximately 5 cps up field. The 
minor peak is approximately 10$ of the major peak according to peak 
heights. In the case of benzyl and oxythiamine monophosphate the thiazole 
methyl signals are at 1.67 and 1.42 ppm and 1.80 and 1.57 ppm, 
respectively. The separation and exact position appear to depend on the 
method of preparation, since the separation between the peaks range from 
9-14 cps (depending on the spectra from which they are calculated, Table 
VII). The two peaks represent a relatively high concentration of both cis 
and trans isomers. When the spectra of thiamine monophosphate and oxy­
thiamine monophosphate are taken in water (1^ 0), there is also a mirror 
image pattern of the methyl protons between 8-9 ppm that represents the 
formyl proton. This indicates that they are generated from the same 
forms.
91Studies of unsymmetrieally, N,N-disubstituted amides have
shown that the bulkier substituent on the nitrogen is cis to the formyl 
proton. The effective size of R2 and R3 in thiamine and related
derivatives is hard to access with the exception of 3,4-dimethyl-5-(2-
02
hydroxyethyl)thiazolium iodide. Earlier Franconi7 assigned the formyl 
proton chemically shifted to the lowest field to the cis isomer. This 
assignment was based on the splitting by the proton on the nitrogen.
The cis methyl group of N,N-dimethylformamide is assigned to the 
highest field peaks.
Thiamine monophosphate on base treatment gives a pattern for 
the methyl protons similar to the pattern given by 3,4-dimethyl-5-(2- 
hydroxyethyl)thiazolium iodide (PMR’s 19b and 22a). Since the methyl 
group in 3,4-dimethyl-5-(2-hydroxyethyl)thiazolium iodide is clearly the 
smallest group and the major signal is slightly down field, this is 
assigned the cis form, the spectrum has the same pattern as unsymmetrical 
N,N-disubstituted formamides; and the peak assignments should be related. 
Since thiamine and all thiamine related derivatives exhibit a peak at
1.60 ppm or lower, this peak is assigned to the trans isomer as 
pictorially represented in Figure 43. This is representative of all the 
derivatives.
The shift of the methyl group signal is due to deshielding by
Q g
the aromatic ring and carbonyl group, since the anisotropic^ effect
for the rest of the molecule is constant for both isomers. The aromatic
ring causes the signal for the cis and trans isomers to shift further
up field. The chemical shift differences between the cis and trans 
isomers are caused by the methyl group being on the same side of the
plane as the carbonyl's oxygen. This is evident since the chemical shift 
of the methyl group of the thiol forms of oxythiamine monophosphate, 
thiamine monophosphate and the benzyl derivative are 0.2-0.3 ppm further 
up field than the methyl group of the thiol fox'm of 3,4-dimethyl-5-(2- 
hydroxyethyl)thiazolium iodide. The major signals for oxythiamine 
monophosphate, thiamine monophosphate, and the benzyl derivative appear
Figure 43
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at 1.80, 1.70 and 1.67 ppm, respectively. The anisotropic effect of
hydroxyl-pyrimidines and aminopyrimidine has not been studied.
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The deshielding effect of benzene on the chemical shift of 
amide substituent, was demonstrated by its use as a solvent, which may
or may not be relevent to the thiamine type compounds. In a
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study of amides , when benzene was used as a solvent it interacted from 
the opposite side of the negatively charged carbonyl, thereby shifting 
the trans substituent further up field than the shift of the cis sub­
stituent. The methyl signal at lower field, is assigned to the cis isomer. 
V.rith the carbonyl in the cis form, the methjrl feels the de shielding effect
Figure 44
o1' the carbonyl and aromatic ring. In the 3.4-dimethyl-5-(2- 
hydroxycthyl)thiazolium and thiamine monophosphate cases, the carbonyl 
anisotropy effect does not affect the methyl group with the same 
intensity as the oxythiamine monophosphate and the benzyl derivative, 
although the signal is slightly u^field.
When the isomer ratio is compared between the benzyl 
derivative, oxythiamine, and oxythiamine monophosphate, an indication 
is given of the correctness of the assumption that the bulkier 
substituent occupies the position trans to the carbonyl as in other 
amides. Models show that the hydroxyl-pyrimidine substituent of oxy­
thiamine is larger than the benzyl group in the benzyl derivative and 
the size of the pentenyl substituent (R2, See Figure 42) is larger when 
the phosphate is attached.
Figure 45
These compounds were chosen for comparison because they form the amide 
through the same intermediate and there should be no chemical inter­
action (hydrogen bonding) in the product. If size alone determined 
the ratio of isomers, the pyrimidine group on the thiamine monophosphate 
should be at least as large as the benzyl group of the phosphate 
derivative of 3-benzyl-4-methyl-5-(2-hydroxyethyl)thiazolium salt;
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but, the isomer ratio Ls 90-10 traits for thiamine monophosphate and 
90-40 trans for the benzyl derivative. Oxythiamine monophosphate gives 
an isomer ratio of 50-50, which indicate R2 has the same size 
electronically as the hydroxyl-pyrimidine moiety (R3). Hydrolysis 
of oxythiamine gives an isomer ratio of 45-55 in. favor of the cis 
isomer. This is the expected results since the loss of the phosphate 
would be expected to reduce the size of R3 and thereby increase the 
amount of cis isomer. The 60-40 ratio trans for the benzyl compound 
indicates the benzyl group is smaller than the hydroxyl-pyrimidine.
The ratios were compared from the amides produced in a sodium hydroxide 
solution.
Here it is assumed that the compound exists as the oxy-anion, 
since this is the case for the simple derivative before hydrolysis. 
However, the introduction of a thiol anion on the molecule, along with 
two other anions, could raise the pK> a of the hydroxyl group above the 
pH of the solution.
Thiamine monophosphate (PMR 19-19b) and 3,4-dimethyl-5- 
(2-hydroxyethyl)thiazolium (PMR 22a) salts give an isomer ratio of 
approximately 90+ trans upon being hydrolyzed to the thiol form. The 
90+% of 3,4-dimethyl-5-(2-hydroxyethyl)thiazolium is due to 
thermodynamic stability, since the carbonyl would prefer to be- on the 
side with the smallest substituent. When comparing the isomer ratio 
of thiamine monophosphate with the ratio of isomers produced from 
oxythiamine monophosphate and the benzyl derivative, it becomes 
evident that factors other than the size of the substituents are involved
in determining the cis-trans isomer ratio* In the case of benzyl
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and oxythiamine monophosphate (PMR's 23, 25), the approximate equal 
ratio of cis-trans isomers, under basic conditions, are considered to 
be caused primarily by the size of the substituent, since the benzyl 
derivative does not have a substituent that can change the position 
of the amide equilibrium. The amino group on the pyrimidine could 
influence the equilibrium between the cis-trans isomers by hydrogen
Figure 46
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bonding with the carbonyl group, thereby stabilizing the trans isomer 
LIII (See Figure 47). Hydrogen bonding has been investigated in the 
restricted rotation of vinyl amides (Figure 46). This was done using 
the coupling of the N-H protons.
Ladell and Post f using x-ray diffraction, showed that
cystalline formamide exists in a dimer structure held together by
hydrogen bonds. Hydrogen bonding in LIII is supported by Green’s 
,105
work 3 which demonstrates that the -NH2 of formamide is hydrogen 
bonded with the bromide of tetrabutyl ammonium bromide when in 
solution.
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Figure 47
(LIII)
Hydrogen bonding appears to be the predominant force which 
determines the isomer ratios of 6-aminopyrimidine derivatives. Ethyl 
3-(4-amino-2-methyl-5-pyrimidinyl-methyl)-4-methylthiazole-5-acetate, 
3-(4-amino-2-methyl-5-pyrimidinylmethyl)-2,4-dimethylthiazolium 
chloride and 0-acetylthiamine were hydrolyzed and gave approximately 
the same ratio of cis-trans isomers as thiamine monophosphate 
(PMR rs 16-21).
The spectra (PMR's 31, 32) of the phosphate derivatives of 
3-benzyl-4-methyl-5-(2-hydroxyethyl)thiazolium and simple 3,4-dimethyl- 
5-(2-hydroxyethyl)thiazolium salt in water show only one peak for the 
formyl hydrogen. 3-Benzyl-4-methyl-5-(2-hydroxyethyl)thiazolium salt 
was hydrolyzed by potassium hydroxide in methanol. The PMR spectrum 
clearly show two signals for the formyl and methyl protons (PMR’s 
33, 34). It is of interest to note that when the PMR is run in 
methanol, the AB patterns for the methyl and formyl groups arc 
separated by 9 cps and 6 cps, respectively whereas in water the 
separation is 2 cps and 6 cps, respectively. The signal for the 
benzene ring changes from a simple singlet to a broad band with no 
resolution in water. The 3,4-dimethyl-5-(2-hydroxyethyl)thiazolium 
salt in methanol and base gave a clear separation of the cis-trans 
formyl proton.
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Thiamine derivatives were run at elevated temperatures to 
prove that the signals for the formyl protons are linked to the
signals of the thiazole methyl protons. The side bands of thiamine
o
monophosphate disappear below 65 ; but the bands for oxythiamine mono­
phosphate coalesce above 80°, with slight decomposition of the compounds. 
The doublet by the ring proton coalesce at the same rate as the doublet
for the thiazole methyl, which proves the restricted rotation of the amide 
group is responsible for the observed isomer.
The analysis of the above PMR spectra data on the buffered 
solutions of thiamine monophosphate shows that it exists in the thiol 
form at pH's above 9.70, although the rates of enzymatic hydrolysis are 
similar to thiochrome monophosphate. The abnormal appearance of the 
spectra is caused by the restricted rotation around the N-C bond of 
the formyl group. The high rate of hydrolysis of thiochrome 
monophosphate indicates that the enzyme prefers the tricyclic 
structure as a substrate. The increase in the rate of hydrolysis of 
thiamine monophosphate, after one hour incubation period, is indicative 
of some structure changes which cause the rate of phosphate hydrolysis 
to be comparable to thiochrome monophosphate; this suggests a tricyclic 
intermediate. However, the PMR and pH studies show that the thiol form 
may be the intermediate that is being utilized by the enzyme. The 
analysis of the pH data indicates that the amino group is adding to 
the the thiazole moiety to form tricyclic thiamine, which is a transit 
intermediate in the formation of the thiol form. The other thiamine 
related derivatives are opening via the pseudo-base. The benzyl 
derivative and oxythiamine monophosphate are opened to the thiol form 
by way of the pseudo-base. The pseudo-base cannot be completely formed
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or opened to the thiol form in the pH range of the buffer used in this 
study. Since the enzyme prefers a substrate with the electropositive 
center completely removed, oxythiamine monophosphate and the benzyl 
derivatives are less reactive toward alkaline phosphatase than 
thiamine monophosphate. However, the rate data show that the benzyl 
derivative reacts twice as fast at pH 9.1 - 9.40 as thiamine 
monophosphate, both of which apparently have an electropositive 
center (Figure 48).
Figure 48
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The possibility of this variation being the results of the creation
of an additional positive center by the protonation of the pyrimidine
35ring was eliminated, since this pK for thiamine pyrophosphate Was 
found to be 5.
The rate of enhancement of the hydrolysis of the benzyl
derivative as compared to that of thiamine monophosphate could
124,125
possibly be explained by the charge transfer phenomenon
Charge transfer refers to the process where an electon is wholly or
partially transferred from one component of a complex to another.
jj- S •vy-CH1CH'tOP 
CHr " *  ‘ 'C H ,O — n j t
Benzyl derivative
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Partially transferring electrons from the benzyl moiety to the thiazole 
moiety, either by direct interaction (charge transfer) or the inductive
Figure 49
effect, would partly relieve the positive charge at the thiazole moiety.
With the electropositive center partially diminished, this shoul,d lead
to a more favorable substrate. Although there is no direct proof of
125
charge transfer in thiamine like compounds, Shifrin studied the
absorption spectrum of indolylethylnicotinamide (LIV) and showed that 
there is an electronic interaction between the indole and pyridinium 
ring. He reported that the spectrum of indolylethyldihydronicotinamide 
(LV) gave no evidence for interaction between the two rings. The
CH,CH,OP
Figure 50
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electronic interaction of indolylethylnicotinamidc was assigned to 
charge transfer transition resulting from an electron being 
tranferred from the indole to the pyridinium ring. Shifrin^
prepared several 3-carbonoylpyridinium salts of para-substituted
benzene derivatives and showed that the intramolecular charge 
transferring effect was related to para substituent electron donating 
ability. Further evidence that the electron density in the thiazole 
moiety of the benzyl derivative is greater than that of thiamine is 
provided by the chemical shifts of the proton on the 2 position in the 
PMR spectra. The chemical shift of the proton in thiamine is 9.85 ppm 
and in the benzyl derivative 9.74 ppm, compared with 9.83 for 3,4- 
dimethyl-5-(2-hydroxyethyl)thiazolium iodide . The phosphate
Figure 51
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derivative of 3,4-dimethyl-5-(2-hydroxethyl)thiazolium iodide was 
not tested with alkaline phosphatase because of difficulties 
encountered in attempts to synthesize it.
The relative rate data appear to justify the theoretical 
model for the active site and mechanism put forth by Fishman and Ghosh 
(Figure 19). The key features of this model are the epsilon amino
group of lysine and the alpha amino groups, since they are thought 
to be primarily involved in the binding of the substrate.
.o
If the binding arguments are used as the sole rate determining 
factor of alkaline phosphatase, then the increase in rate for thiamine 
monophosphate as it goes to the tricyclic form and the thiol form can be 
explained by the production of a more electronegative center on the 
molecule. The abrupt change in the rate of hydrolysis of 
tetrahydrothiamine when the pH changes from 9.4 to 9.7 is indicative 
of the formation of the free amine which would hydrogen bond better 
than the salt. Even if the amine is not involved in hydrogen bonding, 
the removal of the charge should eliminate the electrostatic repulsion 
between substrate and the protonated epsilon amino group.
The similarity between the rates of hydrolysis of thiochrome 
monophosphate, thiamine monophosphate (on incubation in the buffer), 
and tetrahydrothiamine monophosphate suggests that the enzyme may be 
promoting changes in the latter two compounds which make the 
conformation similar to thiochrome on the enzyme surface. This could 
be accomplished by hydrogen bonding in the case of tetrahydrothiamine 
monophosphate (Figure 52), and by formation of the tricyclic form in
Figure 52
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the case of thiamine monophosphate. Although the rate data suggest 
that dihydrothiochrome monophosphate may be the substrate for alkaline 
phosphatase, a more conclusive experiment was still needed to prove 
this point. It was noted that the conversion of thiamine monophosphate 
into dihydrothiochrome monophosphate results in the formation of an 
enamine (LVI). It is well known that enamines are excellent 
nucleophiles and such a reaction functional group could facilitate the 
hydrolytic step, in order to test this proposal, thiamine 
specifically labelled with deuteriums in the ethyl side chain of the 
thiazole moiety was synthesized. The labelled compounds were used to 
test the theory that the tricyclic form may be utilized on the enzyme 
surface, and the enamine (Figure 53) generated when thiamine is in the 
tricyclic form may assist in the hydrolysis of the phosphate in the 
2 position of the side chain by an intramolecular nucleophilic 
displacement.
Figure 53
H
LVI LVI I
The intramolecular participation is based on the many 
examples of phosphate cleavage which involve anchimeric assistance.
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Most of these examples involve a nucleophillc attack at the
phosphorus atom which results in a P-0 bond scission; but
111
2-aminoethylphosphate is an example of a compound that tends to 
undergo C-0 bond scission. The participation of the enamine is based 
on the many examples of nucleophilic displacement involving the
Figure 54
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95enamine and specifically the preparation of heterocyclic enamine 
ketone. The isomerization (scrambling) of the deuterium^ between the two 
positions of the ethyl side chain would give direct proof of the 
tricyclic form (LVI).
The substrates 3-(4-amino-2-methyl-5-pyrimidinylmethyl)-5- 
(2-hydroxy-2d2-ethyl)-4-methylthiazolium hydrochloride and 3-(4-amino- 
2-methyl-5-pyrimidinylmethyl)-5-(2-hydroxy-ld2-ethyl-4-methylthiazolium 
hydrochloride (referred to hereafter as 2do thiamine or ld£ thiamine) 
were prepared from the thiazole moiety with deuterium incorporated 
(See Synthetic Scheme Figure 55). The precursor ethyl-4-methylthiazole- 
5-acetate was synthesized by standard procedures and the acidic protons
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exchanged with deuterium in a deutrochloride solution of deuterium 
oxide to make the thiazole moiety of ld£ thiamine. The exchange was 
too slow at room temperature, so it was carried out at 50-55°. The 
amount of deuterium incorporated was monitored by PMR. When the 
solution was evaporated to dryness, deuterated 4-methylthiazole-5-acetic 
acid was not soluble enough to be reduced directly with lithium 
aluminum hydride, so the ester was formed by methylating the carboxyl 
group with diazomethane. The diazomethane was generated in ether and 
added to a methanol solution of 4-methylthiazole-5-acetic acid since 
the acid has limited solubility in ether. The excess diazomethane was 
immediately destroyed and all the solvent removed under reduced pressure. 
The failure to perform this operation results in the exchange of 
methylene deuteriums and produce an excessive amount of a brown 
precipitate that is insoluble in ether. It is assumed that this brown 
precipitate is the N-methyl thiazole derivative of methyl-4- 
methylthiazole-5-acetate. In reducing the methyl ester with lithium 
aluminium hydride, a large volume of ether is required to keep the 
ester-lithium aluminium hydride complex from coagulating and forming 
an insoluble mass. It appears that the mass is reduced in as 
greater yield as the suspension when the reaction time is extended.
After decomposing the complex and the excessive reducing reagent, 
the ether extract yields a brown oil that is insoluble in chloroform 
until made acidic and then recovered by extraction from the basic 
solution. The 4-methyl-5-(2-hydroxy-2d -ethyl)thiazole was prepared 
by the direct reduction of ethyl 4-methylthiazole-5-acetate with
Ill
Lithium aluminum deuteride-d^.. The infrared spectra of the 
deuterated thiazole compounds have the characteristic C-D absorption 
in the 2200 cm ^ region and a singlet in the PMR spectra for the 
non-deuterated methylene group of side chain. The carbon, hydrogen 
and nitrogen analyses agree with theoretical quantities and the mass 
spectrograms show a parent peak at m/e 145, two units higher than the 
undeuterated compound (See mass spectra data in the experimental).
The corresponding deuterated thiamines and other related 
thiamine derivatives were prepared by Williams1 procedure"^, and 
the labelled thiamine compounds, ld2 &ad 2d2 thiamine monophosphates,
were then hydrolyzed by means of alkaline phosphatase. If the enamine
participates in the hydrolysis and the deuteriums are scrambled in
the side chain, this would be excellent evidence for the formation
of the tricyclic form (LIX) of thiamine (See Figure 56).
The nucleophilic attack at the C-0 bond instead of the P-0
bond seems reasonable when one considers the mechanism thathhas
81
been proposed for alkaline phosphatase as compared to that of acid
Q"i
phosphatase , the latter has been shown to proceed by a path that 
breaks the carbon-oxygen bond. The alkaline phosphatase mechanism 
shows the anions being hydrogen bonded to some groups on the protein, 
which cohld possibly give the phosphateaan environment similar to that 
which exists under acid hydrolysis with acid phosphatase.
The procedure for determining if scrambling had taken place 
was done with mass spectroscopy. The 4~Hiethyl-5-(2-hydroxyethyl)thiazole 
gives a parent peak at m/e 143 and a major fragment that represents the
112
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loss of -CH2OH at m/e 112 (Figure 57). Although thiamine was used 
instead of thiazole itself, thiamine does not have a parent peak, but 
breaks into two major fragment (Figure 57), the thiazole, m/e 143 and 
the pyrimidine m/e 122. In the region where the thiazole moiety 
exhibits the loss of a fragment corresponding to -CH2OH, m/e 110-115, 
the pyrimidine does not have a fragment that interferes with the record­
ing of the thiazole fragmenting pattern, so the thiamine molecule, for
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this purpose, can be treated as thiazole, although there are 
interferences that will be discussed. With deuterium in the side 
chain on the number two carbon, the parent peak is at m/e 145 but the 
cleavage product should have a major peak at m/e 112, while the increase 
in peak height at m/e 114 over the standard should represent the amount 
of scramble that has taken place. When the deuterium is in the one 
position, the major peak in the cleavage product should be at 114 unless 
the deuteriums have scrambled. This was determined by scanning the 
spectrum at 112 and 114 to get the relative abundances of protons at 
these positions in deuterated thiamine before it was phosphorylated 
and after alkaline phosphatase had hydrolyzed the phosphate off.
Thiamine monophosphate was hydrolyzed at pH 10 with alkaline 
phosphatase and the results are given in Table II in the experimental 
section. In the isolation of thiamine from the enzymatic mixture by 
paper chromatography (See Experimental), the commonly used ethanol-water
solvent would not separate thiamine from the salts of the buffer; but, 
85$ propanol-water gave a reasonably good separation.
In each case for deuterated thiamine (thiazole), the parent 
peak of the thiazole moiety (thiamine is metastable) at m/e 145 was 
taken as being 100$ and compared to peaks at m/e 144 and 143. The 
major fragment m/e 114 or 112 was assigned 100$, depending on the 
position of deuteration, and compared with the abundance at other m/e 
ratios in this region. The shortcoming of the technique is that the 
molecule does not fragment into one single fragment, as seen in the 
spectra at m/e 113 and 115. These peaks represents approximately 
25-30$ of the peak at 112 and 114, respectively. The peaks at 113 and 
115 arise from the transfer of a proton from the hydroxyl group to one
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of the hetero—atoms of the thiazole before the loss of carbon number 
two fragment from the side chain. The variation in amounts comes from 
the differences in parameter settings of the mass spectrometer, as evident 
when fragment percentages are compared from spectrum to spectrum of the 
same compound. When the relative abundance of the peaks are compared 
for deuterated thiazole synthesized by the exchange method, it is clear 
that a high percentage of the thiazole has only one proton exchanged.
In the ld£ thiazole derivative, the fragment m/e 144 is 27% of the parent 
peak at m/e 145, with 143 which represents undeuterated thiazole being 
2.3% of m/e 145* These percentages are reflected in the same proportions 
in thiamine before phosphorylation and after enzymatic hydrolysis.
The 2d2 thiamine, prepared from the thiazole moiety synthesized by the 
lithium aluminum deuteride reduction of ethyl-4-methylthiazole-5-acetate, 
exhibits peaks at m/e 143, and 144, which represent approximately 1% and 
4/ respectively of 145. The peaks at 113 and 114 are about 2J%0 and 4%
of m/e 112, with no significant percentage at m/e 111 and 115.
Non-deuterated thiamine exhibits an identical percentage pattern at m/e 
112, 113, and 114 as 2d2 thiamine. From these results anything less
than 5 or 10% increase in the peak at 114 and 112 (depending on the
compound) would have to be interpreted as no scrambling.
When ld2 thiamine (before phosphorylation^, 5-methyl-4-(2- 
hydroxyl-ld2~ethyl)thiazole (before thiamine formation) and ld2 thiamine 
(after alkaline phosphatase action) fragment patterns are compared for 
relative percentage differences for peaks 145» 144 and 143, and 112,
116
11.3, 114, they arc in a range of 4$ for 113 compared to peak 114*
For 2d£ thiamine the variations between the fragments are closer than 
those for ld£ thiamine. Also, plain thiamine gives the same pattern 
in the 110-114 region indicating all the deuterium is lost in the
-CD2OH and the remaining fragments are identical.
The results from the mass spectrograms clearly show that 
no scrambling took place in the enzymatic hydrolysis of the labelled 
phosphate derivatives.
The failure of the deuterium to scramble can be explained 
in several ways: (1) the tricyclic form is not formed in significant
concentration; (2) if the tricyclic form is produced, the enamine does 
not provide the necessary assistance needed to cleave the C-0 bond in 
the presence of alkaline phosphatase; (3) the tricyclic and tetracyclic 
forms are promoted on the surface of the enzyme; but, the enzyme 
selectively adds the hydroxyl group to the position of the departed 
phosphate. The former hypotheses are difficult to test but a 
nonenzymatic model was conceived using thiamine-O-benzensulfonate 
(LX) to test the latter (Figure 58).
The nonenzymatic model thiamine-0-benzenesulfonate was 
solvolyzed using various bases and solvents. Small amounts of thiamine 
anhydride (LXV) was the only product isolated. The thiamine anhydride 
had the characteristic carbonyl absorption in the infrared with major 
peaks in the mass spectrum at m/e 264, 143 and 122.
If the proposed route A had been operative and deuterated 
thiamine-O-benzenesulfonate had been used, the sulfonate would 
solvolyze through the tetracyclic form (LXIl) and opened up to give 
thiamine with deuterium scrambled between carbon one and two in the side
V Y NH‘ r f V
N^ Y '~ C H * —  ------  F
Rvt^N >y'NH2 ^ S n^ cHjCHjOBs
R
H
R' / V fiY sY CHjCH'0Bs A
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chain. Instead, the thiazole moiety was hydrolyzed to the thiol form, 
which acts as an internal nucleophile to displace the sulfonate.
borohydride (Route C, Figure 58 ) was used in an effort to reduce 
it to a stable tetracylic form: (LXIIl) but, dihydrothiamine anhydride 
(LXIV) was the only product isolated. Sodium borohydride had
previously been used to reduce thiamine to the ketal form (LXVII).
Since the pH studies show evidence of the tricyclic form, 
the isolation of thiamine anhydride indicates that the tricyclic form 
of thiamine must be rapidly hydrolyzing to the thiol form. However,
an intermediate like (LXVl) could form the anhydride with water adding
to (LXVl) or (LXVII) to form the amide, which would give scrambling of
the deuterium. This hypothesis was not tested because of the absence
of a method to analyze the product for scrambling.
In an attempt to trap the tetracylic form, sodium
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Figure 59
S - C H ,
CH,
CHS
LXVl LXVII
In summary, the application of the enzymatic technique to 
the detection of reaction intermediates has provided information that 
verify reports that alkaline phosphatase is highly dependent on the
119
structure of the substrate and particularly the presence or absence 
of a positive charge. The enzymatic and PMR analyses show that 
thiamine goes through the tricyclic intermediate; but, its life time 
is probably too short to be of biological significance. Evidence 
for the detection of the pseudo-base is given by the enzymatic 
hydrolysis of 3-benzyl-4-methyl-5-(2-phosphoethyl)thiazolium bromide. 
Through analysis of the PMR and pH data, an explicit interpretation 
of the mechanism of formation of the thiol derivatives of thiamine and 
thiamine related compounds was obtained. Valuable information is given 
about the conformation of the thiol form of thiamine and related 
derivatives in aqueous solution. Thiamine, labelled in the ethyl side 
chain of the thiazole moiety with deuterium, was synthesized and used 
to investigate the existence of tricyclic and tetracyclic intermediates 
of thiamine.
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